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PREFACE 

The recent researches on the viscous flow of fluids and the 
tendency for a more general application of the principle of 
similarity have rendered it necessary to add a large amount of 
new matter to the former editions of this book. 

The whole of the work has been revised. The former chapter 
on turbines and centrifugal pumps has been divided into two 
separate chapters, one on water turbines and the other on 
centrifugal pumps. Much new matter has been added to these 
chapters, chiefly on the principle of similarity and on the per- 
formance of these machines. A new chapter has been added 
on the viscous resistance of a fluid in which is included the 
principle of dynamical similarity. The chapter on hydrauhc 
machines has been greatly enlarged, whilst parts of the chapter 
on buoyancy has been rewritten in a simpler form. Several 
additions and alterations have been made in other parts of the 
book, and more examination questions from recent engineering 
examinations have been added. 

In this edition an attempt has been made to illustrate the 
theory by giving an account of its practical uses. 

Thanks are due to the numerous correspondents who have 
kindly suggested some of these additions and corrections. 
The author also wishes to thank the following manufacturers 
of hydraulic machinery who have generously supplied photo- 
graphs, drawings, and test results of their machines : Messrs. 
Alfred Amsler & Co., Schaflhouse, Switzerland ; Messrs. Arm- 
strong, Whitworth & Co., Newcastle-on-Tyne ; Messrs. Green & 
Carter, Ltd., Winchester ; The Hydrauhc Engineering Co., 
Chester ; Messrs, Worthington-Simpson, Newark-upon-Trent. 

E. H, LEWITT. 


South Kensingtok. 



PREFACE TO FIRST EDITION 

This book is intended for students working for an engineering 
degree. Although particularly written for the internal and 
external degrees of the University of London, it will be found 
to cover the course of other universities and to be suitable 
for the final examinations of the professional engineering 
institutions. 

The book deals from first principles with the theory of 
hydraulics and its applications ; no attempt has been made 
to deal with design problems, which are beyond the scope of 
the engineering degree. The mathematics have been kept as 
elementary as possible and many of the standard proofs have 
been simplified. Numerous worked-out examples from past 
B.Sc. examinations of the University of London are included, 
and the majority of the exercises given at the end of each 
chapter are taken from this source. The illustrations, with 
the exception of those from actual photographs, are intended 
as diagrammatic only. 

This book forms the first of a series intended to cover the 
various subjects included in the engineering degree exam- 
inations. It will also, it is hoped, be found eminently suitable 
for students taking the advanced courses for the National 
Certificates which are now being issued jointly by the Board 
of Education and the Engineering Institutions. 

The author wishes to thank the Hydro-Electric Department 
of Sir W. G. Armstrong, Whitworth & Co., and Messrs. 
Boving & Co., for supplying photographs of turbines, etc., and 
Mr. C. E. Busbridge, B.Sc., for kindly checking the proofs and 
examples. 

E. H. LEWITT. 

South Kensington. 

1923. 
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PREFACE TO SECOND EDITION 

The gratifying manner in which the first edition has 
been received, and the consequent demand for this 
book, has provided an early opportunity of correcting 
one or two numerical errors in the examples. 

The present edition embodies several suggestions 
received from correspondents for minor improvements 
which, though not of paramount importance, will, it is 
hoped, increase the utility of the book to students. 

The courtesy of these gentlemen is hereby gratefully 
acknowledged. 

E. H. L. 

South Kensington. 

1925. 
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HYDRAULICS 


CHAPTER I 

STATIC PRESSFEE OE A FLUID 

1. Introduction. The subject of Hydraulics deals with the 
laws governing the pressure and flow of fluids and the applica- 
tion of these laws to engineering practice. The term “ fluid ” 
includes liquids and gases ; but as these two physical states 
have widely divergent properties it is inconvenient to deal 
with both under the same heading. For this reason the science 
of Hydrauhcs is mainly confined to the study of hquids, and 
as water is the liquid usually dealt with in practice, the subject 
of Hydraulics is chiefly the study of water and its applications. 

The subject was*" formerly divided into two parts : one 
deahng with fluids at rest, called Hydrostatics, the other 
deahng with fluids in motion, known as Hydrodynamics ; but 
the great development of hydraulic machinery in recent years has 
rendered these sub-divisions obsolete. Hydrauhcs now consists 
of the study of water pressure, buoyancy, the flow of water, and 
hydrauhc machinery such a^.puipps, turbines, .and accumulators. 

2. Properties of Fluids. The telii ^uid"& applied to all 
substances which ofler no resistahce'^fo change of shape. 
Fluids may be divided info two classes : liquids and gases. 
The former offer great resistance to compression and are not 
greatly affected by change of temperature ; the latter are easily 
compressed and are more susceptible to temperature changes. 
Liquids have a bulk elastic modulus when under compression, 
and will store up energy in the same manner as a sohd. The 
value of the bulk elastic modulus of water under compression 
is 300,000 lb. per sq. in. As the contraction of volume of a 
hquid under compression is extremely small, it is usually 
ignored and the hquid is assumed to be incompressible. 

A hquid wih withstand a shght amount of tension owing to 
the molecular attraction between the particles, which wih 
cause an apparent shear resistance between two adjacent 
layers ; this phenomenon is known as viscosity. 
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2 HYDRAULICS 

The coefficients of expansion of liquids are small and, as the 
seiSce of hydraulics deals with liquids under atmospheric 
! lotnre nnlv the effect of temperature changes may be 
; “leq^ntly, the density of a Hquid may be assumed 

to be constant. , 

The density of water is 62*4 lb. per cn. it. , , , , -x 

The ratio bety:een the density of any hgipd and tfe§4eBSitX 
of .waterls Imown as the spec^j^astS of tliat hqmd. 

No liquid can exist as a liqmd at zero pressure , 
all known liquids vaporize at various pressures above zero, 
depending on the temperature. . , 

Water vaporizes at a pressure of P*’ 

below this pressure it cannot exist as a liquid. There are also 
dissolved gases in water which are given off at low pressmes 
and cause great inconvemence in hydraiffio problems. Tor 
this reason care must be taken to prevent the pressure of water 
getting below 8 ft. of water absolute, at which pressure the 
dissolved gases are given off and vaporization is also hable 

to commence. . „ t a„:/i 

3 Pressure of a Fluid. The mtensity of pressure of a fluid 
is the pressure per unit area. If the pressure is measured m 
pounds and the area in inches, the intensity of pressure will 

be in pounds per square inch. . i 

Let a fluid be under a uniform pressure and let its total 
pressure on an area of a sq. in. be P lb. Let p be the mtensity 
of pressure. Then, 

p = —lb. per sq. in. 


At any point in a fluid the intensity of pressure acts equally 
in all directions. If a fluid is contained in a vessel and is 
under a uniform intensity of pressure throughout, a slight 
increase in the intensity of pressure at one part wiU be 
immediately transmitted to all parts of the vessel. 

The pressure of a fluid on a surface 
will always act normal to the surface. 

Suppose a curved surface be under 
a uniform pressure p (Fig. 1) ; the 
direction of p at any point will be at 
right angles to the surface at that 
point. Consider a small element of 
the surface of area a, inclined to the horizontal at an angle 0. 



Fig. 1 
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Then, as 'p acts normal to a, its inclination to the vertical 
will be 0. 

Total pressure on area a = ^a. 

Vertical component of total pressure on a = M,co^. 

But, a cos 6 = horizontal projection of area a. 

Therefore, vertical ^ mgonent ^of pressure... pn,. a = p X 
horizontal projection, of , area a. 

From tills it will be seen that if any shaped surface is under 
uniform pressure, the total pressure acting on it in any given 
direction is the intensity of pressure multiplied by the projected 
area normal to the given 

Example. 

A hemispherical dome (Fig. ; 

2 ft. radius contains a fluid uj 
a pressure of 120 lb. per sq, 

Find the total force tending 
lift the dome. 

Total vertical force = p X horizontal projected area 
— p X TT (radius)^ 

= 120 X 77 22 
= 15091b. 



4. The Hydraulic Press. The hydraulic press is a machine 
by which large weights may be hfted by the application of a 
much smaller force, A diagrammatic view of a hydrauhc 
press is shown in Fig. 3. The weight W is lifted by the large 
ram i?, which is raised by the pressure of the fluid. This 



Fig. 3 


pressure is produced by the 
force F acting on the plunger P. 
Let A = area of ram 
a = area of plunger 
p = intensity of pres- 
sure of fluid. 

As the intensity of pressure 
is the same throughout the 
chamber, 

W==pA 
and F = pa 


Equating the values of p from these two equations, 
W F 


A a 
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Therefore, W = — 

Thus, the mechanical advantage obtained by means of this 
press is equal to the ratio of the areas of the ram and plunger. 
This is the principle of the hydraulic lifting jack. 


Example. 


A hydraulic press has a ram of 5 in. diameter and a plunger of | in. diameter. 
What force -would be required on the plunger to raise a weight of 1 ton on the 
ram ? If the plunger had a stroke of 10 in., how many strokes would be 
necessary to lift the weight 3 ft. ? and what volume of additional water 
would be required ? If the time taken to lift the weight is 12 minutes, what 
horse-power would be required to drive the plunger ? Neglect all losses. 

Force on plunger = —j- 


= 2240 x(|)' 

= 2241b. 



As the work done by plunger equals work done by ram, 
10 

224 Xy^ X n = 2240 X 3 

Iji 


where 

Therefore, 


n = No. of strokes of plunger. 
2240 X 3 12 


Horse-power required 


” 224 ^ lo 

= 360 

224 X if X 360 
" 12 X 33,000 

= -017 


5. Pressure Head of a Liquid. A liquid is subjected to 
pressure due to its own weight ; this pressure increases as the 
depth of the liquid increases. Consider a vessel containing 
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a liquid of a depth H ft. (Mg. 4). Let w be the weight in lb. of 
1 cu. ft. of the liquid. Then the pressure at any point in the 
hquid will depend on the weight of liquid above that point. 

Consider an area of 1 sq. ft. on the bottom of the vessel. 
The pressure on this square foot is equal to the weight of the 
column of liquid above it, which it is supporting. This column 
is in the shape of a square prism of a height if, standing on 
its end. 

Then, total pressure on base of prism — weight of prism 

= wH 

As the base has an area of 1 sq. ft., this is the intensity of 
pressure p. 

Therefore, p = t(;jfflb. per sq. ft. . . • (1) 

If w were the weight of 1 cu. in. and E the height in inches, 
p would then be the intensity of pressure in lb. per sq. in. 

As p = wH, the intensity of pressure in a hquid due to its 
depth win vary directly with the depth. 

As the pressure at any point in a hquid depends on the height 
of the free surface above that point, it is sometimes convenient 
to express a hquid pressure by the height of the free surface 
which would cause that pressure. 

Or, (L'rom equation 1.) 

The height of the free surface above any point is known as 
the static head at that point. In this case the static head is 
denoted by H. 

Hence, the intensity of pressure of a hquid may be expressed 
as a pressure in pounds per square inch, or as an equivalent 
static head in feet of water ; and one form may be converted 
to the other by means of the equation 

p = wH 

In using this equation care should be taken that the units 
of one side are the same as those of the other. 

When deahng with fresh water w may be taken as 62*4 lb. 
per cu, ft. 

Referring to Fig. 4, the intensity of pressure at any point 
due to the weight of hquid above that point is in a vertical 
direction ; but, as the pressure of a hquid acts equally in all 
directions, this pressure wih cause an equal horizontal pressure 
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on the side of the vessel. The intensity of pressure on the 
sides of the vessel will, therefore, he equal to wE at the bottom 
and decrease uniformly to zero at the free surface, as shown by 
the pressure diagram to the right of the figure. 

Then, total pressure of liquid ) 

on side of vessel \ == average pressure X area of side 

wH 

== |- X area of side. 

Example 1. 


Find the pressure in tons per sq, in. at the bottom of the sea at a point 
where the depth is 7 miles. The weight of 1 cu. ft. of sea water is 64 lb. 


p = wH 

= 64 X 7 X 5280 lb. per sq.ft. 
_ 64 X 7 X 5280 
“ ■ 144 X 2240 P®’' 


= 7-34 tons per sq. in. 

Example 2, 



Pressure on base = wH 

~ 62-4 X 6 lb. per sq. ft. 
62-4 X 6^^ 

"" “144 lb. per sq. in. 


= 2-6 lb. per sq. in. 
Maximum pressure on end = wH 


Average pressure on end 
Total pressure on end 


__ 

= average pressure x area 
62-4 x 6 

= 2 ^ ^ ^ ^ 


at f The pressure of the atmosphere 

h™ calculated in the same way as a liquid 

5 Tarv C n consequently, the density 

Sht of'+ J f ^ atmosphere is measured by the 
height of the column of hqmd it wiU support. This wiU vary 
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slightly according to the amount of moisture in the atmosphere ; 
the average value may he taken as 14-7 Ih. per sq. in., which is 
equivalent to a static head of 34 ft. of water. 

The pressure of water is measured by some type of gauge. 
A gauge registers the pressure above atmosphere, and the 
pressure thus measured is termed gauge pressure. To convert 
gauge pressure to absolute pressure the reading of the barometer 
must be added. 

If the pressure of the water is below atmospheric pressure 
it is measured by means of a vacuum gauge. A vacuum gauge 
gives the amount the pressure is below atmosphere ; this 
must be subtracted from the atmospheric pressure in order to 
obtain absolute pressure. Thus, if the reading of the vacuum 
gauge is 24 ft. of water, the absolute pressure will be 34 - 24 
= 10 ft. of water. 


Example. 


The reading of the barometer is 76 cm. of mercury. If the specific gravity 
of mercury is 13*6, convert this pressure to feet of water and pounds per 
square inch. 

Centimetres of water == 76 x 13*6 = 1032 

■r . 1032 

Inches of water = =407 

2-54 

407 

Feet of water = -7^ = 33-85 


Pounds per sq. ft. 
Pounds per sq. in. 


^ wH = 62-4 X 33-85 = 2112 


2112 

'144 


14-67 


7. Pressure Gauges, {a) Piezometbp Tube. The pressure 
in a pipe or vessel, fuU of a liqidd, may be measured by inserting 
a glass tube with open ends into the vessel, vertically. The 
liquid wiU rise in the tube to a height equal to the equivalent 
static head of the pressure in the vessel. This simple type of 
pressure gauge is known as a piezometer tube. 

(6) U-Tube. The pressure of a fluid may be measured with 
a glass U-tube containing a heavier fluid which does not mix 
with the fluid of which the pressure is required. 

Let the pipe in Fig. 5 contain water under a pressure of 
hin. of water, and let the U-tube contain a liquid of specific 
gravity s. If the left limb of the U-tube be open to the 
atmosphere and the right limb, containing water, be connected 
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to the pipe, the pressure in the pipe will force the heavy liquid 
in the right hmb of the TJ-tube downwards ; this will cause it 
to rise by a corresponding amount in the left hmb. The 
surface of contact between the heavy hquid and the water is 
known as the common surface. 

Consider the horizontal section yy through the common 
surface. 

Let h' = height of centre of pipe above hquid surface in open 
hmb in inches. 


X = height of heavy hquid in left hmb above yy in inches. 


As the liquid below the common surface is homogeneous, the 
pressure at yy in left hmb must equal the pressure at yy in the 
right hmb. 


Pressure in left hmb at yy, 
above atmosphere 

Pressure in right hmb at yy, 
above atmosphere 


= rus in. of water. 

= a; + ^ in. of water. 


Equating these pressures, 
a; + A' + ^ 


From which A = a ; (5 - 1 ) - in. of water. 

If the heavy hquid in the U-tube is mercury, 5 = 13*6. 
Then, A=a;(13*6-1)^A' 


= 12-6a; - V in. of water. 


If the pressure being measured is large, mercury should be 
used in the U-tube. For small pressures the hquid should be 
a httle heavier than water. 

(c) Inverted U-Tiibe. The difference of pressure between 
two sections of a pipe containing water may be measured by 
an inverted U-tube (Fig. 5a). The upper part of the tube 
contains air, whilst the water from the two sections of the pipe 
being measured passes into the left and right hmb respectively. 

The heights of the water columns may be adjusted to con- 
venient heights by letting out air through the valve at the top. 

As the air trapped in the upper part of the tube is under 
constant pressure, the difference of pressure between the 
sections of the pipe is equal to the difference in the heights of 
the two water columns. 

Let Th = difference of height of water columns in inches. 

Then, difference of pressure = h in. of water. 
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{d) Diffeeential Gatjge. The inverted U-tube may be 
made very sensitive by having a liquid lighter than water in 
the upper part of the tube in place of the air. 

Let = specific gravity of liquid used. 

Consider pressures above section yy (Fig. 5a). 

Difference of pressure — ^ in. of water - A in. of liquid 

— Jh-JlS 

= li{l ~s) 

The nearer s is to unity, the more sensitive the instrument 
becomes. 



sensitive by using liquids of 
different specific gravity are known as differential gau^s 
(e) Oil Gatoe toth Enlarged Ends. A sensitive type 

Ids (Eig. 6) this type is used for measuring small differences 

4edtn ““ 

surface of each liqmd bemg in the enlarged ends. 



STATIC PRESSURE OF A FLUID 


11 


Let A == area of enlarged end 
a = area of tube 
5 — specific gravity of oil used 
mm = common surface when both limbs are subjected to 
equal pressures. 

Assume both ends of U-tube are exposed to same pressure, 
and that y^in. be the height of free surface of oil above the 
common surface mm. 


Then, height of free surface of 
water above mm 

Now let the surface of the oil be subjected to an additional 
pressure equal to a; in. of water. This will cause the common 
surface to fall by the amount y in. to the level nn. The level 

a 

of the oil in the enlarged end will consequently fall ^7 2/ ^ j 

whilst the level of the water in the other limb will rise by the 
same amount. 

Consider the total pressure in both limbs at the new common 
surface nn. 

Height of oil surface above nn = h y 

= ,A + 2/(i-5) 



Height of water surface above nn= sh + y 


= + 2/(^1 +2 

Then, as pressures in both limbs at nn are equal, 


sh + y['^ 


{^ + 2/(i-5)_ 


s^h + y(^l • 
both being in inches of water. 

Therefore, y[l + ^ = sy{\ ~^ + x 


+ X 


Or, 


X = y 


1 +■ 


-s 1 
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Example L 

A XJ-tube containing mercury has its right limb open to the atmosphere. 
The left limb is full of water and is connected to a pipe containing water 
under pressure, the centre of which is level with the free surface of the mercury. 
Find the pressure of the water in the pipe, above atmosphere, if the difference 
of level of the mercury in the limbs is 2 in. 

Consider a horizontal section through the common surface 
and consider the pressure in inches of water in each limb 
above this section. 

Let X = pressure of water in pipe above atmosphere in 
inches of water. 

Pressure in left hmb = pressure in right limb 
x + 2 = 13-6 X 2 
a; = (13-6- 1)2 
= 25-2 in. of water 

Pressure in lb. per sq. in. = wH 

_ 62-4 X 25-2 
144 X 12 
= -91 

Example 2. 

A pressure gauge consists of two cylindrical bulbs A and B, each of 1 sq. in. 
cross-sectional area, which are connected by a XJ-tube with vertical limbs, 
each of *025 sq. in. cross-sectional area. A red liquid of specific gravity -95 
is filled into A and a clear liquid of specific gravity -9 is filled into B, the 
surface of separation being in the limb attached to B. Find the displacement 
of the surface of separation when the pressure on the surface in A is greater 
than that in B by an amoimt equivalent to 1 in. head of water. (London XJniv. 
1911.) 

Consider gauge when pressure in bulb A equals pressure in 
bulb B, 

Let h = height of liquid in A above common surface. 

Then, height of liquid in B above common surface 



Now let pressure of 1 in, of water act on liquid in A. 

Let this cause the common surface to rise a: in. 

Then, surface of liquid in A will fall — in. and surface of 
liquid in B will rise ~ in. 
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Consider pressures in each limb above new common surface. 
Height of Liquid in bulb A above ) , . 

new common surface 

Height of liquid in bulb B above ) ‘95 j_ ^ • 

new common surface 

Total pressure of = total pressure of B 



X — 1041 in. 

8. Total Pressure on an Immersed Surface. As the static 
pressure of water varies with the depth, the intensity of 



Fig. 7 


pressure on an immersed surface will not be uniform, but will 
vary with the depth. 

Consider any vertical surface immersed in water (Fig. 7). 

Let A = area of surface 

Q = centre of area of surface 
X = depth of centre of area 
00 be the free surface of the water 
P = total pressure of water on the surface 

Consider a thin horizontal strip of the surface of thickness dx 
and breadth b. Let the depth of this strip be x. 
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Let intensity of pressure on strip be 'p ; this may be taken as 
uniform as the strip is extremely narrow. 

Then, p = y)x 

where w is the density of the water. 

Area of strip = hdx 

Total pressure on strip = p.hdx 

= w.xL.dx 

Total pressure on whole area = P = wj hdx.x 

/ bdx.x = 1st Moment 
= Ax 

Therefore, p = ^ ^ 

Or, the total pressure on an immersed surface is equal to the 
area mdtiphed by the intensity of pressure at the centre of 
area of the figure. 

This equation will hold for all surfaces, whether flat or 
curred. 



iiiXAMPLE. 

A vertical square sluice is situa- 
ted with its top edge 10 ft. below 
the level of the water ; the sluice 
is 3 ft. square. Find the total 
pressure on the sluice. 

Depth of centre of area 
= 10 + 11= ll|-ft. 
Area of sluice 
= 9 sq.ft. 

Total pressure 

= wAx (FromEq. 1) 
= 62-4 X 9 X Hi 
= 64601b. 


9. Cenke of Pressure. The intensity of nressure nn 
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As an example of the meaning of centre of pressure, consider 
the diagram in Fig. 8. This represents a wall with water on 
the left-hand side only ; the surface of the water being at oo. 
The wall contains an opening below the water level through 
which the water is prevented from flowing by the gate ab, 
which is freely suspended by a cord at c. The point c is on 
the water level. The pressure of the water is tending to swing 
the gate outwards about the pivot c ; to prevent , this let a 
force P be applied to the gate as shown in the figure. P will 
equal the total water pressure on the gate. There is only one 
point on the gate at which P may be applied which will keep 
the gate perfectly closed ; that point is the centre of pressure. 
If P were applied above this point the gate would open out- 
wards at the bottom ; if P were applied below the centre of 
pressure the gate would open outwards at the top. Thus, the 
moment of P about the pivot c must equal the sum of aU the 
moments of the water pressures on the gate about the water 
surface. Therefore, the depth of the centre of pressure may 
be found by taking moments about the water surface. 

Referring to Fig. 7, let G be the centre of pressure of the 
immersed figure. Then the resultant pressure P will act 
through this point. 

Let h = depth of centre of pressure below free surface 
1q = moment of inertia of figure about oo. 

Consider the horizontal strip of thickness dx. 

Force on strip = w,x.b,dx (as in Art. 8) 

Moment of force on strip 
about free surface oo = b dx 


Total moment of forces 
for whole area 



~ ^-dx.x 


= 2nd moment 
= In 


Therefore, total moment — w Iq 

But, moment due to 1 
resultant pressure i = p ^ 
about 00 
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Therefore, 

Ph 

==wIo 





wIq 


Or, 

h 

~~~P~ 


But, 

P 

— wAx 

(Eq. 1, Art. 8) 

Therefore, 

h 

— Ja 

~ Ax 

. . . ■ (1) 



2nd moment 


Or, the depth of centre of pressure = mom e nt ‘ 
The value of Iq may be obtained from the theorem : 


I^ = I, + Ax^ 

where Iq is the moment of inertia of the figure about a 
horizontal axis through its centre of area. 


Example. 

A circular plate 6 ft. diameter is placed vertically in water so that the 
centre of the plate is 4 ft. below the surface. Find the depth of the centre of 
pressure and the total pressure on the plate. 

Trd^ 


770 ^ 


63-6 ft.^ 


Area of plate =—62 = 28-22 sq. ft. 


Also, 


X ~ 4 ft. 

Iq — Iq Ax^ 

= 63-6 + (28-22 X 16)= 515-6 ft.^ 

A = A 

Ax 


515-6 

'M-22 X 4 


= 4-56 ft. 


Total pressure on plate = wAx 


= 62-4 X 28-22 x 4 
= 70501b. 


10. Centre of Pressure for an Inclined Surface. The depth 
of the centre of pressure for a surface inclined to the water 
surface may be found by taking moments about the point of 
intersection of the plane of the inclined surface and the water 
surface. 
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Referring to Fig. 9, let mn represent the inclined surface, 
the view of which is shown projected. 

Let B = point of intersection of surface produced with water 
surface 

6 = Angle of inclination of immersed surface. 

Consider a thin horizontal strip of area of distance x from B. 
Then, using same notation as Art. 8 and 9, 

p = w xsmS, and acts normal to surface 
Area of strip = bdx 
Force on strip = p bdx 

— wx sin 6 bdx 



Ax 


sin 6 

Therefore, P = w A'x 
Taking moments about B, 

Moment of force on strip = w.x.sm 0 b.dx.x. 

Sum of moments of forces 
on strip 

Let Ijj = moment of inertia of surface about B 
Then, I-b = j b.dx.x^ 

2 — ( 5167 ) 
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Therefore, total moment = 
But, total moment = 
Pi 


w sin B /jj 
Pi 
sin 0 


Therefore, 

Or, 


sin B 


== w; sin 6 /r 


wP sin^ 


h = 


P 


Substituting for P from Equation (1), 
3 sin^ B 


I 


Ax 


( 2 ) 


where 


/p — /q + 


Ax^ 
sin^ B 


It wiU be noticed that if 0 = 90°, Equation (2) becomes the 
same as Equation (1) of Art. 9. 

Example. 

press^e, and (6) the position of the centre of pressure 
u immersed rectangular plate, 6 ft. long and 3 ft. wide, when 

and the^Sft w angle of 60® with the surface of the water 

thestSaLlevJof ® below, 

If you employ any formula you must prove its correctness. (London Univ ) 

(o) Using Equation (2), 

^ _ In sin^ B 


Where A = 
B = 


Ax 
18 sq. ft. 

60° 

^ 2-5 + 3 sin 60° : 


: 5-1 ft. 


3 X 


sin^ 60 

18 X 5-P 


12 

678 X 


+- 

•76 


•76 

= 6-53 ft. 


= 678 ft.‘ 


18 X 6^1 
(a) Using Equation (1), 

P = w Ax 

= 62-4 X 18 X 6 1 = 5726 lb. 

^ problem on 

the centre of pressure is encountered in finding the forces on 
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a lock gate. The plan of a pair of lock gates is shown in Fig. 10. 
AB and BQ represent the gates which are held in contact at B 
by the water pressure, the water level being higher on the left- 
hand side of the gates. The gates are hinged at top and 
bottom at A and G. 

Consider the forces acting on the gate AB. 

The water pressure acts with a resultant force P at the 
centre of the gate and normal to it. The gate BC acts on it 
with a pressure T which is normal to the surface of contact of 
the two gates. The 

two hinges on the side ^ 

A will react with a ^ 

total force P, the ^ 

direction of which is ^ 

not yet known. As # 

the gate is in equih- 

brium under these h' % 

three forces, they will o 

all intersect at one 
point. Let P and T 
intersect at D ; then 
R must pass through 

this point. Thus, the Fia. lo 

gate is in equihbrium 

under the action of three forces intersecting at D. Let 
a = angle of inclination of gate to the normal of side of lock. 
Then, triangle ADB will be isosceles, as angles DBA and DAB 
equal a 

Resolving the forces at P in a direction parallel to gate. 


^RrpSjjbCXj 



[ 


Hr 




B/2 ^ \ 




j Hz 

\ 

1 

K* 


Fjo. 11 

Also, inclination of R to centre hne of gate = a. 


R 00 ^ a — T cos a 

Therefore, 

R = T 

Resolving normal to 
gate, 

P = (P -f P) 
sin a 

= 2P sin a 
P 

Or, P=~^ 

2 sin a 
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Next consider the water pressure on the gate. Fig.. 1 1 is a 
view of the gate in the direction AB. 


Let El = 
H,= 
H = 
Pi = 

P.- 

R^ = 
= 

Then, R^. + 
Also, Pi = 


height of water to left of gate 
height of water to right of gate 
height of top hinge from bottom of gate 
total pressure of water to left of gate 
total pressure of water to right of gate 
reaction of top hinge 
reaction of bottom hinge 
R^==R 

wHi 

—y X wetted area of gate 


and, Pg = 


wH^ 

2 


X wetted area of gate 


then, P = Pi-P 


H 

Pi will act at the centre of pressure which is from bottom. 

o 

H 

Also, Pg will act at“^ from bottom. 

o 


It win be noticed that only half the water pressure may be 
taken as acting on the hinge edge of the gate ; the remaining 
half will be taken by the reaction of the gate BG. 

Taking moments about P (Fig. 11), 


Eesolving horizontally, 


Pi 

2 


l3 

2 


= Pb sin a + Pt sin u 


(2) 


Then, from Equations (1) and (2), R, and R^ may be found. 

12. Water Pressure on Masonry Dams. Mg. 12 shows the 
section of a masonry dam having a sloping back ; let the height 
of the water be H. The total pressure P on the dam will act 
at the centre of pressure G, the height of C being one-third H. 
Md -rf act normal to the surface. The weight of the masonry 
If will act at the centre of area of the cross-section of the dam. 

Produce the forces P and W to intersect at a. 

Let ab represent P and let ad represent W to the same scale, 
ibese are the only forces acting on the dam. Complete the 
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parallelogram and draw the diagonal ae. Then ae gives the 
magnitude and direction of the resultant force E. 

Let the point at which the resultant force cuts the base of 
the dam be /. Then, in order to keep the stresses on the base 
of the dam within certain limits, / must fall within a certain 
distance from the centre of the base. 

The above method investigates the strength of the base of 
the dam only ; it is necessary to extend this method to other 
horizontal sections and so test the strength of the dam at all 
heights, and for all depths of water. 



Consider the section of the dam in Fig. 13, and assume, in 
the first case, the dam to be full. Consider the horizontal 
section fine bb as the base of the dam, as in the previous problem, 
and find the point at which the resultant force cuts the section 
fine. To do this, let be the centre of area above bb and 
its weight ; let Pi be the water pressure above bb acting at 
one-third of the height above bb. 

Next consider the whole section of the dam above cc. This 
gives a new centre of area G^i Sb new weight TFg, and a new 
pressure Pg. Find the point on cc at which the resultant 
of Wo and Pg cuts the fine. Kepeat this by considering the 
whole section above dd and ee in turn. Mark clearly the point 
at which each resultant cuts its own section fine and draw a 
smooth curve through these points. This curve is known as 
the fine of pressure for the dam when full ; and for any 
horizontal section fine, this curve must cut the line within a 
given distance from the centre. 
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It is nest required to draw the line of pressure for the dam 
when empty. In this case there will be no water pressure 
acting, the only force being the weight of the masonry. The 
point at wliich the resultant cuts the base is now where Wi 
cuts hb, where cuts cc, etc. By drawing a smooth curve to 
pass tluough these points, the hne of pressure for dam when 
empty is obtained. This curve, also, must cut any horizontal 
section line vithin a given distance from the centre. 



Fig. 13 


It will be noticed that the centre point of the top of the dam, 
aa, wiU be the required point for both lines of pressure at this 
section. 

In all problems dealing with masonry dams it is usual to 
calculate all the forces on a length of 1 ft. 

Examples. 

(1) A diver is working on the sea bottom at a depth of 74 ft. What is the 
pressme, above atmosphere, in pounds per square inch, at this depth ? 
I cu. ft. sea water weights 64 lb- ^ 

Ans. — 32*9 lb. per sq. in. 
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(2) The pressure of a gas is measured by a U-tube containing water, which 
has one limb open to the atmosphere, and is found to be 2*6 in. of water. 
The barometer reading is 76 cm. of mercury. Express the pressure of this 
gas in pounds per square inch — (1) as gauge pressure, (2) as absolute pressure. 
The specific gravity of mercury is 13-6. 

A71S. — (1) *0939 lb. per sq. in. (2) 14'7639 lb. per sq. in. 

(3) A hydraulic press has a ram of 4 in. diameter and a piston of f in. 
diameter. What load on the ram can be lifted by a force of 25 lb. on the 
piston ? 

■ Aw.— 2,8401b. 

(4) A masonry dam of rectangular section of 20 ft. high and 10 ft. wide 
has the water level with its top. Find (1) the total pressure on 1 ft. length 
of the dam ; (2) the height of the centre of pressure ; (3) the point at which 
resultant cuts the base. The weight of 1 cu. ft. of masonry is 1101b. 

Ans. — (1) 12,4801b. (2) 6-67 ft. (3) 3-78 ft. from centre. 

(5) A hollow triangular box, the ends of which are equilateral triangles of 
4 ft. sides, is submerged in water so that one of its rectangular faces lies in 
the surface of the water. Find the net total pressure, and the position of the 
centre of pressure on one of the triangular ends, (a) when the inside of the box 
is at atmospheric pressure ; (6) when the inside of the box is at a pressure 
of 1 lb. per sq. in. above the atmospheric pressure. (London Univ.) 

Ans. — (a) 496 lb. ; 1*735 ft. from surface. (6) 500 lb.'; *585 ft. from surface. 

(6) A pressure gauge, for use in a stokehold, is made of a glass U-tube with 
enlarged ends, one of which is exposed to the pressure in the stokehold and 
the other connected to the outside air. The gauge is filled with water on one 
side, and oil having a specific gravity of *95 on the other — the surface of 
separation being in the tube below the enlarged ends. If the area of the 
enlarged end is. 60 times that of the tube, how many inches of water pressure 
in the stokehold correspond to a displacement of 1 in. in the surface of 
separation ? (London Univ., 1916.) 

Ans. — 089 in. 

(7) A circular plate 5 ft. diameter is immersed in water, its greatest and 
least depths below the surface being 6 ft. and 3 ft. respectively ; find (a) the 
total pressrue on one face of the plabe ; (b) the position of the centre of 
pressure. (London Univ., 1912.) 

Ans. — (a) 5,5201b. (6) 4-63 ft. below surface 

(8) Bach gate of a lock is 20 ft. high and 6 ft. wide, and is supported on 
pivots, situated 2 ft. from the top and bottom. The angle between the gates 
when they are closed is 140°. If the depths of water on the two sides are 
17 ft. and 5 ft. respectively, find the magnitude and position of the resultant 
water pressure on each gate, the magnitude of the reaction between the gates, 
and the magnitude and directions of the reactions at the pivots, on the 
assumption that the gate reaction acts in the same horizontal plane as the 
resultant water pressure. (London Univ., 1919.) 

^?i^._ 49,500 lb. : 6-04 ft. from bottom ; 72,550 lb. ; 18,1501b. 
(top) ; 54,400 lb. (bottom) ; 20° to gate. 

(9) A rectangular sluice-gate 6 ft. square has its upper edge submerged to 
a depth of 6 ft. Determine the magnitude of the resultant pressure on one 
face, and the centre of pressure. (A.M.I. Mech. E., 1922.) 

Ans.— 20,200 lb. ; ^ it. 

(10) . A hemispherical tank, 5 ft. in diameter, is full of water. Determine — 
(1) The resultant pressure on the wetted surface ; (2) the total pressure on 
the wetted surface ; (3) the centre of pressure on the wetted surface. 
(A.M.I. Mech. E., 1922.) 

Ans.— (1) 2,0401b. (2) 3,0601b. (3) 2*5 ft. 
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(11) A bulkhead closing one end of a floating dock is 30 ft. wide at the 
bottom and 60 ft. at the top, and is 30 ft. deep. If submerged up to its 
upper edge, what is the pressure on the bulkhead, and what will be the depth 
of the centre of pressure ? (A.M.Inst.C.E., 1925.) 

Ans.— 1,122, 000 lb. ; 18-75 ft. 

(12) A 10 ft. length of a semicircular culvert 6 ft. in diameter has bulk, 
heads at each end. If filled with water determine (a) the resultant force 
exerted by the water on the wetted surfaces ; (6) the total pressure exerted 
on these surfaces. (A.M.I.Mech.E., 1926.) 

Ans.— (a) 8,8101b. ; (6) 13,4501b. 

(13) Describe with sketches some form of differential gauge capable of 
enabling very small diflerences of head in a pipe to be measured. Explain 
the theory of its action. (A.M. Inst. C.E., 1925.) 

j(44) A circular drum, 4 ft. in diameter and 10 ft. long, rests with its axis 
horizontal on the bottom of a dock in which the depth of water is 10 ft. 
Determine: {a) The total pressure on the surface of the drum; (6) the 
resultant pressure on the surface of the drum ; (c) the depth of the centre of 
pressure on each of the flat ends. (A.M.I. Mech. E., 1926.) 

Ans.^ia) 74,0601b.; (6) 7,8201b.; (c) 8-125 ft. 



CHAPTER II 

THE BUOYAHCY OE A LIQUID 

13. Buoyancy. If a body is floating in a fluid and is at rest, 
it wiU be in equilibrium in a vertical plane ; then the total 
upward force must equal the total downward force. This 
is true whether the body be immersed in a Hquid or a gas. 
The downward force on the body wiU be due to gravity; 
whilst the upward force will be the resultant upward pressure 
of the fluid in which the body is floating. This resultant 
upward pressure is known as the buoyancy. 

Consider a body immersed in a fluid, and let oo be the surface 
of the fluid (Fig. 14). Consider a vertical prism of the body 
of height H and end area u. Let p be the intensity of pressure 
of the fluid on the upper end of the prism. Then the intensity 
of pressure on the lower end of the prism will be + wH, the 
additional amount wH being due to the additional depth H 
of the fluid. 

Total downward pressure of fluid on prism = pa 

Total upward pressure of fluid on prism = (^ + 'wH)a 

Resultant upward pressure of fluid on prism = {p + y^B[)a - pa 

= wHa 

But, volume of prism = Ha 

Therefore, resultant upward pressure = w X volume of 

prism 

= weight of fluid 
displaced by 
prism. 

If the whole body is imagined to be made up of similar 
vertical prisms, it follows that the total resultant upAvard 
pressure of the fluid will equal the weight of fluid displaced 
by the body. This is Imown as Archimedes’ principle. 

Example. 

The volume of the displacement of a ship in sea water is 4,000 cu. ft., 
find the weight of the ship if 1 cu. ft. sea water weighs 64 lb. Find also the 
volume of the displacement in fresh water. 

20 
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Weight of sliip = weight of sea water displaced 
64 X 4000 


2240 


- = 114-2 tons. 


114-2 X 2240 

Yolume of fresh water displacement == ^ 2*4 



Fig. 14 


14. Centre of Buoyancy. When a body is floating in a 
liquid, a normal pressure will be exerted by the liquid at all 
points on the surface of the body. The resultant of all these 
normal pressures will be vertically upwards and will act at 
the centre of gravity of the volume of liquid displaced by the 
body ; this point is known as the centre of buoyancy. When 
dealing with a transverse section of a floating body, the centre 
of buoyancy will be at the centre of area of the immersed 
section. 

Eef erring to the transverse section of the ship in Fig. 17, 
let m be the water line ; then the immersed section will be 
the area acde. The centre of buoyancy will be at the centre 
of area of this immersed section and is denoted by the point 
If the ship rolls in a clockwise direction, as shown by the 
dotted position (Fig. 17), the immersed section will now be 
accl^e^, and the centre of buoyancy will be at the centre of 
area of this new immersed section. 

15. Conditions of Equilibrium of a Floating Body. There are 
three conditions of equihbrium for a floating body : stable, 
unstable, and neutral. If the floating body is given a slight 
angular displacement, such as the rolling of a ship, after which 
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it returns to its original position, the body is said to be stable. 
If, on being given a slight displacement, it heels farther over, 
it’is said to be in unstable equihbrium. But if the body is 
given a small displacement into a new position and it remains 
at rest in that new position, the body is then said to be in 
neutral equihbrium. 

Referring to Big. 15, let abed represent the transverse 
section of a ship floating in water the surface of which is 
represented by the line oo. Let G be the centre of gravity 
of the ship and its contents. The position of G is known ; 
it is calculated from the known weights of the materials used 


a' 



Fig. 15 


for the construction of the ship and from the position of its 
contents. Bor an infinitely small displacement, the ship is 
assumed to swing about a fixed point, the position of which it 
is required to find. This imaginary pivot is called the meta- 
centre and is represented by JH. It should be understood that 
in the rolling of a ship the metacentre may only be assumed 
to be a fixed point for small displacements, it may be looked 
upon as the instantaneous centre of rotation of the ship when 
heeling. Let the ship be displaced through an angle 6 into 
the position a'b'c’d' ; then G will have moved to G . Let W 
be the weight of the ship ; this will act vertically downwards 
through G'. 

Then, horizontal displacement oi G = GM tan 6 (approxi- 
mately). Thus, there will be a moment of F X GM tan d 
tending to swing the ship back to its original position. This 
moment is Imown as the righting moment, or righting couple. 

The ship may, therefore, be regarded as a pendulum sus- 
pended at M, and the point G corresponding to the bob. The 
problem is to find the position of the metacentre M, 
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•No-vv, tlie righting moment is W X GM tan 6, so that if M 
is above G the ship will return to its original position and is, 
therefore, stable. If M is below G, the moment due to W 
would cause the ship to turn completely over. In this case 
the ship would be unstable. In the case when M coincides 
vith G the ship is in neutral equilibrium, for there would then 
be no moment acting on the ship. 

In order to ensure that a ship is perfectly stable, M should 
be a certain distance above G. The height of M above G is 

known as the meta- 


j {j^'j The term '‘meta- 

centre” was first 

o \m r. defined by Bougier* 

in 1746. Bougier’s 
definition was that 
the metacentre is 

V L I V which 

/ , ry the vertical through 

/ w I the centre of buoy- 

Fig. 16 ^^cy intersects the 

« , , T ^ vertical centre line 

ot tlie^ ship s section, after a small angle of heel. Actually, 
the ship will rotate about the water-line, but as the definition 
of metacentre is for an infinitely small angle of heel the 
problem will hot be affected whether the ship be assumed to 
rotate about .the metacentre or the water-line f 

entric height of a floating body can be determined 
both by calculation and by experiment. 

Detennination of the Metacentric 
Height. The metacentric height of a ship or pontoon may be 
foimd expenmentaffy whilst the vessel is floating ; the position 

^0^ beforehand. 

1 ® ® movable 

weight m be placed on one side of the ship. 

A pendulum consisting of a weight suspended by a long 
ord IS placed in the ship and the position of the bob when at 
rest IS marked. Let Z be the length of the pendulum. The 

* Traite du navire, by Bougier. 

stability of ships see Sir Williwi White’s Naval 
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weight m is then moved across the deck through the 
distance x, the new position of m being denoted by m'. This 
will cause the ship to swing through a small angle 6 about 
its metacentre M. Then, as the pendulum inside the ship 
still remains vertical, the angle d may be measured by the 
apparent deflection of the pendulum. 

Let apparent horizontal displacement of pendulum weight =?/. 

Then, tan ^ = j 

Referring to Fig. 16, the moment caused by W about if equals 
the moment about M caused by moving m to m'. 

Or, W X CM tan 6 == mx 

TrornwHcli ' ' ' ' 

and, as all the quantities on the right of this equation are 
known, the metacentric height can be calculated. 

Example. 

Define the term “ metacentric height ” in connection with a floating body. 
Obtain an equation giving the metacentric height and apply it in the case of 
a ship which displaces 3,000 tons of sea water and which heels over when a 
load of 15 tons is shifted across the deck a distance of 30 ft. (London Univ., 
1919.) 

Taking moments about M (Fig. 16), 

Moment due to IF = moment due to 
IF CM tan B = mx 


3000 — =15 X 30 

oU 


CM 


15 X 30 X 30 
3000 


= 4-5 ft. 

17. Analytical Method for Metacentric Height. An equa- 
tion for the metacentric height of a floating body may be 
obtained if the position of the centre of gravity G is known. 
Consider the transverse section of the ship of Fig. 17 ; let the 
ship heel in a clockwise direction through a small angle 6 
(radians). The immersed section has now changed from the 
area of aede to the dotted position acdie-^. The new centre of 
buoyancy is Bi ; the old centre of buoyancy, relative to the 
ship, is B ; hence the centre of buoyancy has moved from B 
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to Bi, relative to the ship. It will be noticed that the effect 
of the heeling is to move an immersed wedge from one side of 
the ship to the other \ that isj the immersed wedge QiOyh now 
occupies the position con. The apparent movement of this 
wedge across the ship causes the centre of buoyancy to move 
from B to ; these movements, of course, being relative to 
the ship. From the effect of these two movements the required 
equation may be obtained. ^ 

As the volume of water displaced remains constant, the 
shaded area aom must equal the shaded area con ; hence the 



Fig. 17 


oia water-toe wiU pass through the point o. From this 
It follows, that the ship is rotating about the point 0 ; hut for 
tlie extreme case of 9 being infinitesimally small, the same 
msult ^ obtained whether the ship be assumed to rotate about 

iSt' ES 

Let h = breadth of ship. 

F = volume of water displaced by whole sliip. 
dV- volume of water displaced by slice considered. 
— moment of inertia of a horizontal section of 
ship at water Ime about a longitudinal axis. 
dl _ moment of inertia of slice considered about a 
longitudmal axis. 

S' and g = centres of gravity of triangular prisms aom 
and con respectively. 
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Then, weight of ship 

weight of slice considered 
distance between g and g' 

am = C7i 
volume of wedge of slice 
weight of wedge of slice 
Also, cll 


Takuig moments about M, 

moment caused by moving [moment caused by moving 
triangular prism of water = | upward thrust of water 
from g to g' [ from B to B^, 

That is, X = wdV X BB^ 

Or, ^ \d = wdV X {BM X 6) 

Hence, dl = BM X dV 

Integrating for whole length of ship, 

I = BM X V 

Or, BM = y ... . (1) 

Then, metacentric height = GM — BM - BG. 

Hence, as BG is known, the metacentric height can be 
obtained. 

The moment of inertia I is actually the moment of inertia 
of the horizontal section of the ship at the water line. Usually 
the sides of a vessel are vertical at this section, so that I may 
be taken as the moment of inertia of the deck about a longitud- 
inal axis. Hef erring to the plan of the vessel shown in Fig. 18, 
in order to find the moment of inertia of this figure about the 
axis 00 it would be necessary to divide the section up into small 


= wV 
= wdV 



= i X X dl 

wbW dl 

^ g 

breadth X (depth)® 
"" |2 
dl X 6® 

12 
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horizontal rectangles and to add together their moments of 
inertia. Sometimes, the moment of inertia of the deck of a 
ship is given as a function of the moment of inertia of the 
circumscribing rectangle. 

Let I = length of ship (Fig. 18) 

Then, moment of inertia of ^ 

circumscribing rectangle 1 2 

Ib^ 

And, I = 


where Jc is & coefficient depending on the shape of the ship. 


\o 


I 


\o 

Fig. 18 



In the case of a pontoon, the deck will be 
rectangular ; then Jc will equal unity. 

This method may be applied if the angle 
of heel is less than 10°. As the moment of 
inertia of the ship’s water plane is not 
constant, but increases with the angle of 
heel, the metacentric height will increase 
as the angle of heel increases. 

The metacentric height of large ships 
varies between 1| ft. and 4 ft. 

Example 1. 

A vessel has a length of 200 ft., a beam of 28 ft., 
and a displacement of 1,350 tons. A weight of 20 
tons moved 22 ^ ft. across the deck inclines the 
vessel 5®. The second moment of the load water- 
plane about its fore and aft axis is 65 per cent of 
the second moment of the circumscribing rectangle, 
and the position of the centre of buoyancy is 5 ft. 
below the water line. Find the position of the 
metacentre and the centre of gravity of the vessel. 
The weight of 1 cu. ft. of sea water can be taken as 
64 lb. (London XJniv., 1915.) 


From Equation (1), Art. 15, 


OM = 


mx 

W tan d 


20 X 22'5 
1350 X *0875 


= 3*81 ft. 
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Volume of displacement = F = — 


1350 X 2240 
~ 64 

= 47,200 cu. ft. 



Fig. 19 


From Equation (1), 

BM=^~ 

238,000 
“ 47,200 
= 5-05 ft. 

Position of ikf = S-Oo - 5 = -05 ft. above water line 
Position oiG = 3*81 - *05 — 3-76 ft, below water line 
Example 2. 

State the condition for the stability of a floating body ; and find an 
expression for the distance between the centre of buoyancy and the meta- 
centre, in terms of the second moment of the water-plane area and the volume 
of displacement. A cylindrical buoy floats in salt water. It is 6 ft. diameter 
and 4 ft. long, and weighs 2,500 lb. The C.G. is 1-5 ft. from the bottom. If 
a load of 500 lb. is placed on the top, find the maximum height of its C.G. 
above the bottom, so that the buoy may remain in stable equilibrium. 
[Weight of 1 cu. ft. of salt water, 641b.] (London Univ., 1917.) 

The floating buoy is shown in Fig. 19. 

3 — ( 5167 ) 
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Let (? = centre of gravity of buoy 

g — centre of gravity of weight on top 
G' = centre of gravity of buoy plus weight 
D = depth of buoy below water line 

D 

Then, height of B from bottom = 


Let X = required height of centre of gravity of weight. 

Then, Y will be a maximum when the buoy reaches the state 
of neutral equilibrium. That is, when 0' and M coincide. 
Total weight of buoy plus load == 2500 + 500 

= 3000 lb. 

3000 

Volume of water displaced = F = = 46-9 cu. ft. 


area of base 


Then, height of B 
Using Equation (1), 


46-9 


1 


= 1-66 ft. 


= -r- = -83 ft. 


73 / 1 / -Dii/r ^ T (diameter)^ 
BQ - 


X 6^ 

64 X 46-9 


1*355 ft. 


Height of G' above bottom = 1-355 + -83 = 2*185 ft. 

In order to find x take moments about the bottom of cyhnder. 
500 i= (3000 X 2*185) -(2500 X 1*5) 

^ = 5*61 ft. 


Examples. 

(1) A ship has a displacoment of 2,200 tons in sea water. Find the volume 
of the ship below the water line. 1 cu. ft. of sea water weighs 64 lb. 

Ans. — 77,000 cn. ft. 

solid cube of wood of specific gravity of *9 floats in water with a face 
parallel to water plane. If the length of one edge is 4 in., find the metacentric 
height. 
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(3) A pontoon of 1,500 tons displacement floats in fresh water* A weight 
of 18 tons is moved 24ft. across the deck; this causes a pendulum 10ft. 
long to move 4| in. horizontally. Find the metacentric height of the pontoon. 

Ans. — 7-68 ft, 

(4) A rectangular pontoon weighing 240 tons has a length of 60 ft. The 
centre of gravity is 1 ft. above the centre of the cross section, and the meta- 
centric height is to be 4 ft. when the angle of heel is 10®. The freeboard 
must not be less than 2 ft. when the pontoon is vertical. Find the breadth 
and height of the pontoon, if floating in fresh water. 

Ans. — 21-8 ft. and 8*6 ft'. 

(5) State the conditions which govern the stability or instability of a 
floating vessel. 

A buoy carrying a beacon light has the upper portion cylindrical, 7 ft. 
diameter and 4 ft. deep. The lower portion, which is curved, displaces a 
volume of 14 cu. ft., and its centre of buoyancy is situated 4 ft. 3 in. below 
the top of the cylinder. The centre of gravity of the whole buoy and beacon 
is situated 3 ft. below the top of the cylinder, and the total displacement is 
2*6 tons. Find the metacentric height. [Weight of sea water, 641b. per 
eu. ft.] (London Univ., 1912.) 

MOl ft. 

(6) A rectangular pontoon, 35 ft. long, 24 ft. broad, 8Tt. deep, weighs 
70 tons. It carries on its upper deck a boiler 16 ft. diameter weighing 50 tons. 
The centres of gravity of the boiler and pontoon may be assumed to be at 
their centres of figure and in the same vertical line. Weight of sea water, 
641b. per cu. ft. Find the metacentric height. (London Univ., 1913.) 

Ans. — 3*1 ft. 

(7) A cylinder has a diameter of 12 in. and a relative density of 0-8. What 
is the maximum permissible length in order that it may float with its axis 
vertical ? (London Univ., 1926.) 

Ans, — 10-6 in. 

(8) A cylindrical buoy is 6 ft. in diameter and 8 ft. high and weighs 1*8 tons. 
Show that it will not float with its axis vertical in sea water. If one end 
of a vertical chain is fastened to the centre of the base, find the pull on the 
chain, in order that the buoy may just float with its axis vertical. (London 
Univ., 1925.) 


Ans. — MG = - 1*87 ft. ; 4*15 tons 



CHAPTER III 

THE FLOW OF A FLUID 

18. Flow of Water. When a liquid is flowing along a passage, 
such as a pipe, it will be subjected to a resistance due to vis- 
cosity, or friction. If the velocity of flow is very small, the 
liquid will flow in lines parallel to the sides of the passage ; 
such a flow is called a streamline flow. If the velocity is large, 
cross-currents or eddies will be formed causing greater resist- 
ance to flow ; such a flow is known as a turbulent or eddy flow. 
Also, the velocity of the liquid is not uniform over the cross- 
section, being slower towards the sides of the passage. In 
engineering problems, however, it is usual to assume the 
velocity to be uniform over the cross-section and equal to the 
mean velocity.* 

Any obstruction in the passage or any change of section or 
direction will interfere with the steady flow. This will cause 
eddies or transverse motions of the particles and, consequently, 
there will be an additional loss of energy due to the friction 
caused by these transverse currents. 

The stream line flow of water may be examined by inserting 
a coloured powder or liquid in the water at certain points of 
the channel and examining the path of the colour bands thus 
formed. 

Consider a pipe of a cross-sectional area of a sq. ft. containing 
water which is flowing with a velocity of v ft. per sec. (Fig. 20) ; 
the pipe is running fuU. Consider any section of the pipe ; 
a quantity of water in the shape of a cylinder of length v and 
area a wiU pass by this section in 1 sec. 

Or, quantity of water flowing = volume of cylinder 

= av cu. ft. per sec. 

19. Plow Through Channels of Varying Section. If water 
is flowing through any channel or pipe, the quantity of water 
passing any transverse section in a given interval of time 
must be equal at all such sections, providing the depth of flow 
at any point remains constant. 

* For viscous flow of a fluid see Chapter XII. 
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Let Fig. 21 represent a tapering pipe through which water 
is flowing. Let the pipe be running full. 


r ' 


Fig. 20 


Let Aa~ area at section aa 
A^ = area at section bb. 

Then, 

quantity of water passing ) ^ , 

section aa per sec. ) ^ ^ r 


Or, 


AaVa = Ai,Vi 


Therefore, 




20. Work Done in Overcoming Pressure. Let a large tank 
be full of water under a constant pressure of p lb. per sq. ft., 
and let water be forced into the tank through a small pipe of 
cross-sectional area of a sq. ft. (Fig. 22). Let v be the velocity 
in feet per second with which the water is forced through 
the pipe. 

Then, work done per second in ) Force X distance 
forcing water through pipe ) moved per second 

= pa X V 

But, av = volume of water forced into tank per sec. 
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Therefore, work done = i? X volume of flow per second 
Or, work done = wH X volume 

where W = weight of 
water injected per second 
and H = equivalent 
static head in feet of 
water 

Example. 

300 gallons of water are 
pumped into a tank per minute 
under a pressure of 20 lb. per 
sq. in. Find the horse-power 
required. 1 gallon water weighs 
10 lb. 


= WH 



Weight of water per sec. = — = 50 lb. 

50 

Volume of water per sec. = = *802 cu. ft. 

62*4 

Work done per sec. = X volume 

= 20 X 144 X -802 

^ ^ 20 X 144 X -802 

Horse-power reqmred = 

550 

= 4-2. 


Alternative Method. Convert the pressure to pressure 
head in feet of water. 

WE 

Then, horse-power = ~ where W = weight of water 
per sec. 

Static head = if = | = = 46-2 ft. of water 


Horse-power = 


50 X 46-2 


4-2 


550 
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21. Velocity Head, Consider water flowing from a tank 
under a constant head H (Fig. 23). Let v be the velocity of 
the water in feet per second. Consider a small quantity of 
water of weight W on the surface at the top of the tank. 
This quantity will have a potential energy of WE, This same 



quantity of water, when issuing through the orifice, may be 
looked upon as having fallen through the height E and con- 
verted its potential energy to kinetic energy. Then, ignoring 
frictional losses. 

Loss of potential energy = gain of kinetic energy 


Or, 


WE = 


Wv^ 


Therefore, 


E = 


^2 


Or, 


V — V 2gE 


By making use of these equations, the energy of moving 
water may be given as a static head in feet of water ; this 
static head is known as the velocity head. 


Alternative Proof. 

Let p == intensity of pressure of water on line xx 
• Then, ^ ~ wE 

Consider the water as being forced out of orifice by pressure p. 
Let a = area of jet 

W — weight of water issuing per second 
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Work done on water = p X volume of water moved per sec. 

Work done on water 
Or, p X av 

Or, wH X av 

But, W == ^vav 

Therefore, H 

22. The Total Enei^ of Water. The total energy of a 
particle of water at any instant is the sum of its potential 
energy, its kinetic energy, and its pressure energy. The 
potential energy is reckoned above a convenient datum level. 
Let Z be the height of particle considered above chosen 
datum level. 


= p X av 

= gain of kinetic energy 
W 

“ 

_ Wv^ 

” ^g 


Potential energy per lb. of water = Z 


Kinetic 

Pressure 


t 

w 


Then, total energy per lb. 


n v‘^ 


For any mass of water in which there is a continuous con- 
nection between all the particles, the total energy of each 
particle is the same. This is known as Bernoulli’s theorem 
and is very important in solving problems dealing with the 
flow of liquids. 

Consider the vessel in Fig, 24 ; let the water flow through 
an orifice in the side of the vessel with a velocity v under the 
static head E. Apply Bernoulli’s theorem to the points A, 
B, and G. 


Total energy at A = total energy at B = total energy at C 
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Assuming the line xx to be the datum level, and ignoring 
the atmospheric pressure, which is constant throughout, the 
equations become 


fl+o+o=o+|+o=o+o+^ 


Or, 


H = 


Pb 




It should be noticed that no account has been taken of any 
frictional losses which may occur between the points chosen. 



Any such losses should be added or subtracted from one side 
of the equation. 

As an example, supposing there is a loss of head between B 
and 0 equal to hit. of water. Then, 


^ + f7+|-*"+S + g-+‘ 


Po , 


Proof of Bernoulli’s Theorem. Consider water flowing 
through the non-uniform pipe of Fig. 25. The pipe is running 
full and under pressure. Consider the volume of water between 
the two sections A A and BB. 

Let Z, V, and a be the height above datum, pressure, 
velocity, and area of pipe respectively at section A A. Let 
^ 1 , pi, Viy and Ui be the corresponding values at BB. Let the 
whole quantity of water between AA and BB move to the 
position A'A\ B'B\ the movement being small. 

Let distance between AA and A' A* = dl 
BB and B'B' = dl, 

Q) dl c^-jidl, 


Then, 


( 1 ) 
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This movement of the whole quantity of water between AA 
and BB is equivalent to moving the quantity between AA 
and to the position between BB and B'B ' ; the remainder 
of the water between A' A' and BB may then be looked upon 
as stationary. 



Let W = weight of water between A A and A' A' 

= wadi (2) 

== wa^^dl^ ( 3 ) 

Work done by pressure bA, AA = 'p a dl 

BB — -Pia^dl^ 

Net work done by pressure = p a dl-p^a^^ dly 

= {p~Pi)adl (FromEq. 1) 

— W (From Eq. 2) 
Loss of potential energy = W{Z-Zi) 

Gain of kinetic energy = ~ ^ 
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Then, 

loss of potential energy + work done by pressure = gain of 
kinetic energy 

That is, W(Z-Z,) + W^-^ = ^{vi‘-v^) 

Therefore, 2 + + ^ 

' w ' 2g \ ' w ' 2g 

Example. 

Water is flowing down a vertical tapering pipe 6 ft. long. The top of 
the pipe has a diameter of 4 in., the diameter of the bottom of the pipe is 2 in. 
If the quantity of water flowing is 300 gallons per minute, find the difference 
of pressure between the top and bottom ends of the pipe. 

Let and refer to lower end of pipe. 

v^y pzy ^ 2 ? H ^0 top end of pipe. 

Quantity of water flowing per sec. == ~ 

Area of lower end of pipe = j X 2^ = 3*14 sq, in. 


Area of top end of pipe 


V. =- 


quantity _ -802 X 144 
314 

= 9-2 ft. per sec. 


Vi = - . 

^ area m sq. ft. 
•802 X 144 


= j X 4^ = 12-66 sq. in. 
= 36*8 ft. per sec. 


12-56 


Applying Bernoulli's equation to both ends of pipe, and 
taking the datum level through the lower end, 


7 

+2^ 


7 1 , ^2 

„+a+5i^=e+a+t?! 

64-4 ^ ^ 64-4 


Or, 


21-1-1-31-6 

w 

== 13-79 ft. of water 


n’-Vi = 


13-79 X 62-4 
144 


= 5-97 lb, per sq. in, 
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23. Tlie Venturi Meter. A practical application of Bernoulli’s 
theorem is found in the Venturi meter’^*, an instrument for 
measuring the quantity of water flowing through a pipe. The 
meter, in its simplest form, consists of a short length of pipe, 
tapering to a narrow throat in the middle (Big. 26). Tubes 
enter the pipe at the enlarged end and at the throat, by means 
of wliich the pressure of the water at these sections may be 
measured. Piezometer tubes may be used, or the tubes may 



Fig. 26 


be connected to a U-tube. As the water flows through the 
meter the velocity will increase at the throat owing to the 
reduction of area ; consequently the pressure will be reduced. 
This reduction of pressure is measured by means of the piezo- 
meter tubes. Then, by applying Bernoulli’s equation to the 
enlarged end and to the throat, the quantity of water flowing 
may be calculated. 

Let E = difference of pressure head in feet of water in the 
piezometer tubes 

= area of enlarged end in square feet 
= area of throat in square feet 
q = quantity of water flowing in cubic feet per second 
— velocity of water at enlarged end 
Vg := velocity of water at throat 
Then, q = a^Vi = 

Therefore, v^ — ( 1 ) 

' For a description of an actual Venturi meter see Art. 130, 
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Applying Bernoulli’s equation, and assuming the meter to 
be horizontal, 


Or, 

But, 

Therefore, 


^ j_ li. = : 

w ' 2g w ' 2g 

‘Pi_h = lLj’:L 

w w 2g 2g 
Pi 


H 


H = 


V/ - V,‘ 




Substituting for from Eq. 1, 


Therefore, 






g “ ^2 ^2 




^ 35^1 di . — . — 

i V2? Vfl 


But, 


this constant equal c. 

Then, q — cVH . 


Vdj^ - 

is a constant for any one meter ; let 


( 2 ) 


In this case H is the theoretical head, as no frictional losses 
have been taken into account. In practice it is found that 
there is a loss of head in the meter between the enlarged end 
and the throat ; consequently the water will not rise so high 
in the pressure tube at the throat. This means that a larger 
difference of head will be measured. In order to allow for 
this, a coefficient ^ is introduced into the equation, the 
magnitude of k being found experimentally. 

Let h = difference of head, in feet of water, actually 

measured 

q = kc's/h . 


Then, 
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But, q = cVH 
Therefore, k c Vh cVH 

From which, k = 

The actual head measured, is known as the Venturi head. 

In the conYerging cone of the meter, h will be larger than H ; 
then h will be less than um*ty. An average value of k is -97. 



The loss of head in the meter will be partly due to friction 
and partly due to shock caused by a change of section ; con- 
sequently, h win not be truly a constant for all velocities ; 
but the variation is slight. 

The Venturi meter is not accurate for very low velocities on 
account of the variation of k. 

It will be noticed that there is a limit to the ratio of the 
diameters of the throat and enlarged end. The larger this 
ratio is, the smaller wiU be the pressure in the throat ; if the 
pressure in the throat falls below 8 ft. of water absolute, 
dissolved gases and vapour will be given off from the water ; 
this will interfere with the flow (Art. 2). Hence, the limiting 
ratio of the diameters is reached when the throat pressure is 
approximately 8 ft. of water absolute. 

The coefficient k will have a different value for the converging 
and diverging cones of the meter. In the converging cone the 
theoretical head is less than the actual head ; whilst in the 
diverging cone the theoretical head is greater than the actual 
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head. Consider the Venturi meter shown in Fig. 27 ; let 
pressure tubes be fitted at both enlarged ends and throat. 
Assume the water is fiowing from left to right. 

Let Ilf = head lost in converging cone 
= head lost in diverging cone 
E' = theoretical difierence of head in diverging cone 
Ji' = actual difierence of head in diverging cone. 

Let the water level at the left enlarged end be at a. Then, 
if there were no losses in the meter, the water level at the right 
enlarged end would be at the same level d. The friction loss 
in the converging cone reduces this water level to e ; whilst 
the frictional loss in the diverging cone further reduces the 
level to /. 

Eef erring to the converging cone only, from Equation (4), 

H = FA 

But, hf = h-H 

Therefore, A/ = . . . . . (5) 

Keferring to the diverging cone, let k' be the coefficient of the 
diverging cone. Then, if there were no frictional loss in this 
cone, the water level at the enlarged end would rise to e ; the 
theoretical difference of head between this section and the 
throat would then be the height eg. But owing to the frictional 
loss the water level only reaches /. Then the difference of 
head actually measured is fg. 

Then, quantity flowing = cV H' = k'cVh' 


Therefore, 

H' = ¥^¥ 

• (6) 

But, 

} 

il 


Therefore, 

i-H 

1 

<M 

11 

■ (h 

Also, from Fig. 27, 

fg = dg-df 


Or, 

h' — h-hf-h'f 

• (8) 


It will be noticed that ¥ is greater than unity. 


Example 1. 

state and prove Bernoulli’s theorem. The difference o£ head registered in 
the two limbs of a mercury gauge, with water above the mercury, connected 
to a Venturi meter was 7 in. The diameter of the pipe and the throat of 
the meter are 6 in. and 3 in. respectively. The oooflEicient of the meter is >97. 
Find the discharge through the meter. (London Univ., 1914.) 
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7(13-6-1) 

Difference of head in feet of water — j 2 

= 7-36 ft. 


(Art. 7) 


r(-5)^ 



Quantity = 


Example 2. 


5 (- 25 )^ ^ 

ttiOj _ 77 X -25 X -0625 ^64-4 
a/~4' \/-0625 - -0039 

■407 

kcVh (Eg. 3) 

■97 X -407 V'7-36 
1‘07 cu. ft. per sec. 


Show that in a Venturi meter the quantity of water passing through the 
meter will only be proportional to the root of the “ Venturi head ” if the 
head lost in friction is proportional to the head lost due to increased velocity. 

A Venturi meter placed in a 3 in. diameter pipe has a throat diameter of 
1 in. The constant of the meter is ‘97. Determine the number of cubic feet 
passing per minute when the Venturi head is 16*2 in. of water. 

If the frictional loss in the diverging cone is double that in the converging 
cone, find the total head lost in the meter due to friction when the water is 
passing at the above rate. (London XJniv., 1921.) 


This question assumes that the whole of the head lost in 
the meter is due to friction. 

The coefficient Jc can only be a constant if hf oc H ; because 

IW 

(From Eq. 4) 


h 


-A 


Also, 

Let 

Then, 


h 

h = H + hf 

hf ~ mE where m is a constant 


h = 


E 


E + mE 


J I -{• m 


constant 


Quantity per sec. = h 2 J ^ 

4 lej 


= *97 


1 


8«02 


V 12 


256 20,700j 
•97 X *0055 X 8-02 X M6 : 


•0496 cu. ft. 
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Quantity per min. = -0496 x 60 = 2-98 cu. ft. 
From Eq. (5), Jif = h {I- F) 

16-2 

= — (l--972)= -078 ft. 


Head lost in diverging cone = 2 x *078 = *156 ft. 
Total head lost = -078 + *156 

= -234 ft. 


24. Horse-power of Jet of Water. The horse-power of a jet 
of water may be obtained by dividing the kinetic energy of 
the jet per second by 550, 

Let a = area of cross-section of jet in square feet 

V = velocity of jet in feet per second 
W = weight of water flowing per second 


= wav 


Then, kinetic energy of jet = 
Wv^ 

Horse-power = 3 ^ 


Wv‘ 

2g 


ft. lb. per sec. 


wav^ 
2g 550 


Example. 


A jet of water has a velocity of 20 ft. per sec. 
is 2 in., find the horse-power. 

!!_?!_ 

4144 


Area of jet 


If the diameter of the jet 


= -0218 sq. ft. 
w a 

Horse-power 

62-4 X -0218 X 203 
" 64-4 X 550 

= -308 

25. The Radial Flow of Water. Consider water flowing 
radially between two horizontal circular flat plates placed 

4 — ( 5167 ) 
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parallel with a small distance between them (Fig. 28). The 
space between the plates is full of water. Let the water flow 
up a central pipe and then flow radially outwards between the 
plates. The outside of the plates are open to the atmosphere, 
so that the water will be discharged at atmospheric pressure. 

Let — velocity of water in pipe 

po = absolute pressure of water in pipe 
a^, ~ area of cross-section of pipe 
Pa = pressure of atmosphere 
Va ~ velocity of water when leaving plates 

As the water flows between the plates radially outwards, 
the area of flow will increase ; therefore, the velocity will 
decrease. This will cause an increase in pressure. 

Consider the total energy of the water at A, just inside the 
pipe, and at B which is at the outer edge of the plates. 

Let B = radius of plates at B 
and t = distance between the plates 

Then, 

Energy at .4 = Energy at B 

w 2g w 2g 
where H is a> constant. 

Po, Voi and Pa are known, this equation will give 

Consider any point Z at a radius of x from the centre of 
the plates. Let be velocity of water at this point and p^ 
the pressure. Then, as quantity of water flowing is a constant 
at ah sections, 

Va X 27rBt = Vx X 27Txt 

A ^ 

Or, (1) 

Also, total energy dX X = H 

w 2g 

Substituting from Eq. (1), 

p^ v^ B^ 

= il — r- 

w 2g 


( 2 ) 
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Thus, the pressure at any point varies inversely with the 
square of the radius at that point and will increase towards the 
outer edge, the increase following a parabolic law. If the 



Fig. 28 


pressure at any radius is plotted as shown in Fig. 28, the 
parabohc curve thus obtained is known as Barlow’s curve. 

Having found the intensity of pressure at any radius, the 
total static pressure on the plate may be obtained by finding 
an equation for the pressure on a thin ring and integrating 
between the required limits. 

Let r = radius of pipe. 
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Consider tlie pressure at X on a thin ring of thickness dx. 
From Equation (2), 

where the constant fc = - ^ - - 

Area of ring = ^irxdx 

Total pressure on ring = 2tt x dx 


= 27t w - 


X dx 


Total static pressure due to ) 
at er on upper plate j ~ 


Hxdx — dx 

X 


fHx^ 

= 2^w^^-Jc\og, 
= 2^12 


+ p,,7rr^ 


B ) 

(^2 logg - I + PqTTT^ 

. . . . ( 3 ) 


This is the total upward absolute static pressure. If the 
atmosphere is pressing on the outside of the plate, the net 
static pressure will be the total atmospheric pressure on the 
plate minus the above water pressure. 

Total atmospheric pressure on plate = tt 

It win be noticed that the dynamic force due to the entering 
w’ater has not been included. 

The principle is made use of in the nozzles of fire hydrants 
in order to produce an even distribution of flow. 

The same reasoning wdll hold when the water is flowing 
radially inwards, passing aw^ay down the centre pipe. 

Example. 

W%ter flows radially outwards between two horizontal discs which are 
I in. apart and 12 in. diameter. The water enters at the centre of the lower 
disc through a 2 in. diameter pipe, with a velocity of 20 ft, per sec. Find the 
pressure of the water in this pipe if the pressure at the outer edge of the discs 
is atmospheric. Find also the resultant static pressure on the upper disc. 
Neglect the dynamic force of the entering water. 
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Using the notation of Fig. 28, 

Vo TT 

20 X 1 

= 2X 6X 

Applying Bernoulli’s equation, 

w 2g w 2g 

w 64*4 ■“ 64-4 

= 28 ft. of water (absolute) 

Let i?=— +1^=34+ -173= 34-173 

w 2g ' 

V 2 

Also h = = -173 X -52= -0432 

Using Eq. (3), 

Total upward pressure on plate 

( 34T73 / 1 \ ) 

= 2irti)| — - — -0432 log, 6j+2)„i7j-2 

= 27r 62-4j {17-086 X -243)- (-0432 X 2-303 X -778) { + 12-17T 
= 1598 + 38 
= 16361b. 

Downward pressure of ) „ 

atmosphere 1 ~ Pa’rit 

= 14-7 X 7T X 62 = 1660 lb. 

Net pressure on plate = 1660 - 1636 
= 241b. 

26. Centrifugal Head Impressed on Revolving Liquid. A 

rotating fluid is called a vortex. If the fluid is rotating freely 
without any external forces being impressed upon it, it is 
called a free vortex. An example of a free vortex is the 
whirlpool formed in the emptying of a wash basin having a 
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central di’ain. If the fluid is rotated by an external force the 
vortex is termed a forced vortex. A forced vortex wiU have 
a centrifugal head impressed on the liquid, caused by its 
rotation. 

Referring to Fig. 29, imagine an arm containing water to be 
rotating in a horizontal i 

plane about the centre j 

0 and with an angular x ^ 

velocity of w. Let the I 1/^ 

arm be full of water | 

between a radius of Rz ^ 

and i ?2 and let the j 

cross-sectional area of ' -p on 

1 ^ ^ jpiG’* /j y 

the arm be a. 

Consider a small section of the water of thickness dx and at 
a radius of x. 

Then, volume of small section of water = a dx 
weight „ „ „ = wadx 

Centrifugal force acting on water considered = x 


Total centrifugal force impressed on whole 
of rotating water 


w a dx 


waco^r g"|®2 

"~w rl 




Let Vi ■ tangential velocity at radius of 


Then, total centrifugal force impressed = ^ 
smce = 0 ) and v,^ — mE 2 
Intensity of pressure at end of arm ) w 

due to centrifugal force ) ~ ^ "'^i) 

Centrifugal head impressed = — : 

W 2g 2g 
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Thus, the centrifugal head impressed on a revolving fluid 
is the difference between the tangential velocity heads. 

This is the principle of the centrifugal pump, which obtains 
its lifting power from this head. 

Alternative Proof. A more general proof for the centrifugal 
head impressed on revolving liquid may be obtained by con- 



sidering the annular ring of liquid revolving with an angular 
velocity co (Fig. 29a). Let and i?2 internal and 

external radii, and consider a thin ring of the liquid of radius 
X and thickness dx. Consider a portion of this thin ring sub- 
tending a small angle dd at the centre and let p be the intensity 
of pressure on the inside of the element, due to the centri- 
fugal force. Then the centrifugal pressure will increase by 
dp over the thickness of the ring dx. Consider the whole 
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annular ring to be of unit thickness in the plane of the paper ; 
then, 


area of inside of element = xdO 

area of outside element = (ir + dx)dd 

area of sides of element = dx 

intensity of pressure on outside of element = p dp 

intensity of pressure on sides of element = p 


Weight of element == w{x dd)dx 

n 1 . {wxdddx)a)'^x 

Centrifugal force on element = 

Consider the enlarged view of element (Fig. 29a) ; the normal 
forces due to the pressure of the liquid are shown in the figure. 
These, together with the centrifugal force, keep the element in 
equihbrium. Hence, by resolving radially, the required 
equation may be obtained. 

Eesolving radially, and assuming the sine of a small angle to 
be equal to the angle in radians. 


jn , / , 7 \ / I 7 ^ 7/1 WXddcD^xdx 

pxd6+2\^p + dp){x + dx)dd = 

Dividing throughout by d6, and ignoring all small quantities 
of the second order. 


dp 

Integrating between and B^, 
Centrifugal intensity of pressure 


w io^ X dx 

~g 



Then, centrifugal head = ^ ^ (i? 2 _ 2\ 

Or, as = 0) B^ and m B^, 


centrifugal head = 

2(7 2(7 
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Example. 

Water enters a revolving turbine wheel at the centre and flows through the 
wheel in a radial direction. The wheel is running full. If the inlet radius of 
the wheel is 2 ft. and the outlet radius 3-5 ft., find the centrifugal head 
impressed on the water when the wheel is running at 300 revs, per min. 

Velocity of wheel at inlet = Vi = 27 t2 x 

= 62-8 ft. per sec. 

, 3-5 

Velocity of wheel at outlet = -Wg = 62-8 X 


Centrifugal head 


= 110 ft. per sec. 

_ '^1 

1102 - 62*82 
” 644 


= 126-7 ft. of water 


27. Revolving Cylinder of Liquid, Consider a cylinder con- 
taining a liquid to be revolved about a vertical axis 00 (Eig. 30). 
The surface of the hquid wiU take the shape of a paraboloid as 
shown. This is another example of a forced vortex. 

Consider a small particle of the liquid at the point A on the 
surface. Let W be the weight of the particle. It wiU be in 
equilibrium under the action of three forces : the weight, the 
centrifugal force, and the pressure. 

Let CO = angular velocity of cylindei' 

X = radius of particle 

W 

Centrifugal force on particle = — co^a; 

The centrifugal force wiU act horizontally outwards, and the 
weight vertically downwards. The resultant of these two will 
be opposed by the pressure of the fluid. As the latter must act 
normal to the surface, it follows that a tangent to the surface 
at A will be at right angles to the resultant of the centrifugal 
force and the weight. 
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It follows from Fig. 30 that 


X 


F 

Wco^x 


{Similar triangles) 


g 


Therefore, EF = ^ 


and is, therefore, a constant. 



As EF is the subnormal of the liquid surface, the shape of 
the surface is a paraboloid. 

Consider the liquid at JB, 

Let B — radius at B 

6 = angle of incHnation of surface at B to vertical 
h = height of paraboloid 
Consider the similar triangles BDG and BOG> 


Or, 


DG'~OG 

W 



?L 

2h 


as OG will be twice the height of the paraboloid. 
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Therefore, 

co2E2 

Ji r— 
^9 


( 1 ) 


^9 

where v is the tangential velocity at the point B, 

It win he noticed that ^ is a direct function of the square of the 
speed of rotation. This is made use of in a type of speedometer 
used in engine testing. A cylindrical glass vessel containing 
a Hquid is rotated by the engine, the speed of which can be 
estimated by the height h of the paraboloid formed in the 
vessel. 


Example 1. 

In order to measure the speed of a steam engine during a test, a glass 
cylinder containing oil is rotated on a vertical axis by the engine and is geared 
at twice the speed. If the paraboloid formed by the rotating liquid is 3 in. 
high, with a maximum radius of in., find the number of revolutions per 
minute made by the engine at that instant. 


Using Equation (1), 


Then, 
Therefore, 
Speed of cylinder 


h = — 

1 Q)^ nv 

4 ” 644 V8 / 

ft) = 32*12 radians per sec. 

CO 

277 


= — 5*11 revs, per sec. 

n . . 5*11 X 60 

Speed of engine = = 153*3 revs, per mm. 


Example 2. 

A closed cylinder, 12 in. diameter and 0*1 in. deep, ia completely filled will’, 
water. It is rotated about its axis, which is vertical, at 240 r.p.m. Calculate 
the total pressure of the water on each end. {A.M. Inst. C.E., 1926.) 
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Consider a vertical thin hollow cylinder of water of radius 
X and thickness dx. 


From Equation (1), 
centrifugal head on thin cylinder 




hence, intensity of pressure at radius x = = wh 


W 0)^X^ 

Although this centrifugal pressure is horizontal it will also 
act vertically on top and bottom of the cylinder, as the pressure 
of water is transmitted in all directions. 

Let B = radius of cylinder in question. 

Then, total vertical pressure on top or bottom of cylinder 
due to centrifugal pressure 


= PxX 2 itx dx 


f. 

-r 

0 

-/ 


^9 


X 27rxdx 


27rcoV dx W 
^9 


ttco^BHo 
77 ( 2774)2 ii)^ 

4 X 32*2 


X 62-4 = 60-9 lb. 


Hence, total pressure on top of cylinder = 60*9 lb. 

Total pressure on bottom of cylinder 

= centrifugal pressure + weight of water 
= 60*9 + {ttB^ X depth X w) 

= 60-9 + (62-4 X Trilf X 

= 60-9 + -408 
= 61-308 lb. 


28. Flow of tees under Constant Head. The velocity with 
which a gas will flow from one ehajjiber to another may be 
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obtained in the same manner as for a liquid, providing the 
density in each chamber remains constant. 

Let a gas flow from a chamber A through an orifice or pipe 
into a chamber B. Let the pressure in A remain constant 
and equal lb. per sq. in. Let the pressure in B also remain 
constant and equal lb. per sq. in. Then must be greater 
than P 2 > Assume there is no change of temperature. Let 
be the density of the gas in A in pounds per cubic feet. 

The head causing flow will be due to the difference of pressure 
in A and B. This head may be expressed as an equivalent 
static head in feet of gas under the same condition as the 
gas in A, 

I'D •“ 'll? 1 1 44: 

Equivalent static head — Hi = — - — 

It should be noticed that such a head of gas could not 
actually exist under a constant density. 

Velocity of gas = V 2gHi 

If the gas being dealt with is atmospheric air, the barometer 
reading and temperature must be knovm in order to convert 
the standard density to the density under the required con- 
ditions. The density of air at 0® C. and 14-7 lb. per sq. in. 
may be taken as *081 lb. per cu. ft. This should be converted 
to the required density by the law of gases 

^ = a constant, 

where T is the absolute temperature. 

29. The Pitot Tube. The Pitot tube is an instrument by 
which the velocity head of a flowing hquid may be measured. 
In its simplest form, it consists of a glass tube with the lower 
end bent through 90° (Fig. 31). It is placed in the moving 
liquid with the lower opening facing the direction of motion. 
The liquid flows up the tube until aU its kinetic energy is 
converted to potential energy ; the velocity of the hquid may 
then be estimated by the height of the hquid in the tube. 

This instrument is often used for measuring the velocity 
of rivers. 

Let h = height of hquid in tube above surface 
H = depth of tube in hquid 
V = velocity of hquid 



62 


HYDRAULICS 


Applpng Bernoulli’s equation to tlie points A and B, 
which are just outside and inside the mouth of the tube 
respectively; 

total energy at A = total energy at B 
^2 

H+h = H+^ 

Therefore, ^ ^ '2g 

In practice, this is usually multiplied by a coefficient k ; 



In well-formed instruments, k is equal to unity. 

Attempts have been 
made to deduce the value 
of Ji by considering the 
total force at B as equal 
to the rate of change of 
momentum ; but this 
method gives results 
twice too high. This 
method obviously cannot 
be used as there is 
a cone of still liquid 
in front of B which de- 
viates the moving liquid 
from its sloping sides. 
This reduces the pres- 
sure on the tube, just 
as the windward side of a structure or building does not get 
the full force of the wind. 

One type of Pitot tube consists of two tubes, one bent at 
the base, as in Fig. 31, and facing towards the motion of the 
water, and one straight tube open at the top end with a hole 
in the lower end parallel to the direction of motion. The 
velocity head will be the difference of water level in the two 
tubes. The object of this is to eliminate any losses due to 
the tube. 
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A view of an actual Pitot tube is shown in Fig. 31a ; this 
is known as the Amsler Hydrometrical Tube."^ It consists of 
two vertical tubes each having the lower end bent 


at right angles, one to point up-stream against the 
current, the other to point down-stream with the 
current ; both lower ends are tapered to a fine 
nozzle. In order to read the height of the water 
columns in the tubes a small hand pump is fitted at 
the top of the instrument, by means of which the 
water columns can be sucked up to any convenient 
height. The upper parts of the tubes are of glass 
and are fitted with a sliding graduated scale. 

The difierence of water level in the two tubes will 
be the velocity head of the current. Let be the 
reading of the up-stream tube and be the reading 
of the down-stream tube. 

Then, v = 

where c is the constant of the instrument. 

Example 1. 


The following observations were made for the purpose of 
calibrating a Pitot tube — 


V = velocity 
of fluid 

1*86 2-96 

4-20 

6-47 

7-97 

ft. per sec. 

H= head 

•756 1-72 

3-50 

9-12 

14-40 

in. of wa^er 


Plot V against V H determine the mean value of the con- 
stant for the tube. (London Univ., 1921.) 


The values of V and V H are shown plotted in 
Fig. 32, and a straight line is drawn a mean through 
the points. This fine will pass through the origin 
as F = 0 when H = 0. 


Let c = constant for the meter 

Then, V ^ c VH 


Therefore, 




Pig. 31a. — Amslee 

* By courtesy of Messrs. Amsler Brothers, SchafPhaiisen, Hydrometeical 
Switzerland. Tube 
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Using the values of V and VH a,t the point B (Fig. 32), 


Then, F = 2-162 VS 

where E is the measured head iu inches. 



0 1 2 3 4^5 6 7 8 

Fig. 32 


Example 2. 

The velocity of water in a pipe was measured with a Pitot tube consisting of 
one tube with orifice facing the direction of flow and the other orifice per- 
pendicular to the first orifice. The difference of head at the centre of pipe 
was 3-5 in. of water. If the mean velocity of the water is two-thirds the 
velocity at the centre, find the quantity of water flowing per minute. The 
diameter of the pipe is 10 in. Take the coefficient of the Pitot tube as unity. 

Area of pipe 4 lii "" 

Velocity at centre of pipe == Jc '\/2gli 



~ 4-33 ft. per sec. 

Mean velocity in pipe = f X 4*33 

= 2-885 ft. per sec. 

Quantity flowing per min. == 2-885 X 60 X -545 
— 94-3 cu. ft. 
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Examples 3. 

(1) Find the work done in forcing 50 gallons of water into a boiler in which 
the pressure is 180 lb. per sq. in. gauge. If this work is done in 5 min., what 
is the horse-power expended ? 

Ans.— 208,000 ft. lb. 1 -26 h.p. 

(2) Water is flowing along a pipe with a velocity of 24 ft. per sec. Express 
this as velocity head in feet of water. What is the corresponding pressure 
in pounds per square inch ? 

Ans.' — 8‘95 ft. 3-88 lb. 

(3) Water at an altitude of 120 ft. above sea-level has a velocity of 16 ft. 
per sec. and a pressui'e of 60 lb. per sq. in. Give the total energy of 1 lb. of 
this water reckoned above sea-level. 

Ans.— 262-58 ft. lb. 

(4) A pipe 1,000 ft. long has a slope of 1 in 100 and tapers from 4 ft. 
diameter at the high end to 2 ft. diameter at the low. The quantity of water 
flowing is 1,200 gallons per minute. If the pressure at the high end is 10 lb. 
per sq. in., fibid the pressure at the low end. Neglect friction. 

Ans. — 14-25 lb. per sq. in. 

(5) Water flows from a supply tank into a chamber in which the pressure 
is 10 lb. per sq. in. vacuum. If the level of the water in the supply tank is 
20 ft. above the vacuum chamber, find the velocity of the entering water. 

Ans. — 52-6 ft. per sec. 

(6) A Venturi meter has an enlarged end of 2 sq. ft. area and a throat area 
of *25 sq. ft. The coefficient of the meter is -97. If the Venturi head is 
9 in. of water, find the quantity of water flowing. 

Ans. — 1-695 cu. ft. per sec. 

(7) A jet of water 1 in. diameter has a velocity of 60 ft. per sec. Find the 
horse-power of the jet. 

Ans.— -2-07. 


(8) Two horizontal circular discs of 8 in. diameter are 1 in. apart. Water 
flows between the discs radiaUy towards the centre and leaves by a vertical 
pipe of 1 in. diameter situated at the centre of the lower disc. If the pressure 
of the entering water is 14-7 lb. per sq. in., find the pressure inside the vertical 
pipe when the water is flowing at the rate of 40 gallons per minute. Find, also, 
the intensity of pressure of the water between the discs at a radius of 2 in. 

Ans. — 12-12 lb. per sq. in. 14-6924 lb. per sq. in. 

(9) A cylindrical arm full of water is rotated in a horizontal plane at 
100 rev. per min. about one end. The arm is 2 ft. long and its diameter is 
2 in. Find the centrifugal head impressed on the water and the total pressure 
on the outer end of the arm. 

Ans. — 6-81 ft. of water. 9-28 lb. 

(10) The air supply to a gas engine is measured by drawing the air into a 
large chamber through a small orifice. If the difference of pressure between 
the outside air and the air in the chamber is 16 in. of water, find the velocity 
with which the air flows through the orifice. Temperature of atmosphere is 
18° C., reading of barometer is 29 in. of mercury. Weight of 1 cu. ft. of air 
at 0° C. and a pressure of 30 in. of mercury is -081 lb. 

Ans.— 270 ft. rep sec. 

5— (5167) 
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(U) A Pitot tube was placed in the centre of a pipe 8 in. diameter with 
one orifice facing the stream and the other perpendicular to it. The difference 
of pressure on the two orifices as measured by an air gauge was 1 J in. of 
water. The coefficient of the tube was unity. Taking the mean velocity 
of the water in the pipe to be -83 of the maximxim velocity, find the discharge 
through the pipe. (London Univ., 1914:.) 

Ayis . — 822 cu ft. per sec. 

(12) State Bernoulli’s theorem for stream line flow of a liquid and give an 
elementary proof of the theorem. 

A portion of a pipe for conve3dng water is vertical and the diameter of the 
upper part of the pipe is 2 in., and the section is gradually reduced to 1 in. 
diameter at the lower part. A pressiore gauge is inserted where the diameter 
is 2 in., and a second gauge is placed 6 ft. below the first and where the pipe is 

1 in. diameter. When the quantity of water flowing up through the pipe is 
6*85 cu. ft. per min., the gauges show a pressure difference of 4-5 lb. per sq. in. 
Assuming that the frictional losses vary as the square of the velocity, deter- 
mine the quantity of water passing through the pipe when the two gauges 
show no pressure difference and the water is flowing downwards. (London 
Univ., 1921.) 

Am. — 4-05 cu. ft. per min. 

(13) Find, from Bernoulli’s theorem, an expression for the theoretical 
discharge of a horizontal Venturi meter. State how the actual discharge 
compares with the theoretical. A Venturi meter tapers from 12 in. diameter 
at the entrance to 4 in, diameter at the throat, and the discharge coefficient 
is *98. The difference of pressure between entrance and throat is 2*2 in. of 
mercury. Calculate the ffischarge in gallons per minute. (London Univ., 
1917.) 

Am . — 409 gallons per minute. 

(14) A vertical pipe of radius in. is fitted at the outlet end with a flange 
of radius rg in. A disc of the same diameter is placed above the flange, and 
separated from it by a narrow gap. Water from the pipe flows radially 
between them and is discharged into the atmosphere. Neglecting friction, 
find general expressions for the pressure between the surfaces at any radius, 
and for the resultant inward force on the disc. Sketch the curve of pressure 
distribution. (London Univ., 1919.) 

(15) A Venturi has an entrance diameter of 6 in. and a throat diameter of 

2 in. Pipes from the entrance and throat lead water to the limbs of a 
U-tube containing mercury, and the difference of pressure at these two 
places in the meter is thus recorded by a difference of mercury level. If the 
coefficient of the meter is -96 draw a curve showing a relation between 
gallons of water passing through the meter per minute and the difference 
of mercury level over a range 0 to 15 in. (London Univ., 1919.) 

(16) Give a proof of Bernoulli’s theorem and show how this is used to 
determine the discharge from a Venturi meter. (A.M.I. Meoh. E,, 1922.) 

(17) . A conical tube is fixed vertically with its smaller end upwards, and 
forms part of a pipe line. The velocity at the smaller end is 15 ft. per sec., 
and at the larger end 5 ft. per sec., the tube is 5 ft. long ; the pressure at the 
upper end is equivalent to a head of 10 ft. ; the loss in the tube expressed in 
feet head is given by 

where = 15 and % = 5. 

Determine the pressure at the lower end of the tube. (A.M.I. Mech. E., 1922.) 

— 17*64 ft. of water. 
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(18) Explain the theory of the Pitot tube and obtain an expression for the 
velocity in terms of the observed difference of level of the liquid, of specific 
gravity S, in the TJ-tube connected to the up- and down -stream orifices 
immersed in fiowing water. 

If the difference of level is 1-2 ft., the specific gravity of the liquid 1-25, and 
the calibration coefficient for the orifices *865, what is the velocity in feet per 
second ? (A.M.L Civil E., 1922.) 

Ans. — ^3*33. 

(19) A Venturi contraction is introduced in a 30 in. diameter horizontal 
pipe. The area of the pipe is six times that of the throat. The upper end 
of a vertical cylinder 12 in. in diameter is connected by a pipe to the throat 
and the lower end to the beginning of the convergence. Neglecting friction 
losses, and the thickness of the piston in the cjdinder, determine the flow 
through the pipe in cusecs at which the piston begins to rise when the gross 
elective load — piston, piston rod, and external weight — on the piston rod 
is 450 lb. The piston rod is 1 J in. diameter, and passes through both ends of 
the cylinder. (A.M.I. Civil E., 1922.) 

Ans, — 20*4. 

(20) State Bernouilli’s Theorem. The diameter of a pipe changes 
gradually from 6 in. at a point A, 20 ft. above datum, to Sin. at B, 10 ft. 
above dattim. The pressure at A is 151b. per sq. in., and the velocity of 
flow 12 ft. per sec. Neglecting losses between A and B, determine the 
pressure at B. (A.M.I. Mech. E., 1925.) 

Ans. — 4-82 lb. per sq. in. 

(21) A closed vertical cylinder of 3 ft. internal diameter is filled with water 
and rotates about its axis at 950 revs, per min. Neglecting the effect of the 
shaft, find the total pressure of the water against the top of the cylinder. 
(London Univ., 1923.) 


Ans.~~76,500 lb. 
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30 Plow Through Orifices. Supposing a tank containing water 
were to have a hole made in the side or base through which 
the water would flow, such a hole is termed an orifice, and the 
quantity of water which would flow through this orifice in a 
given time would partly depend on the shape, size, and form 
of the orifice. There would be a certain amount of frictional 
resistance at the sides of the orifice ; this may be reduced by 

maldng them sharp-edged. 
The jet of water, in passing 
through the orifice, wiU 
contract in area, which will 
further reduce the rate of 
discharge. This contraction 
of area is caused by the 
water in the tank around 
the sides of the orifice, 
which, in flowing to the 
orifice, will have a motion 
parallel to it and perpen- 
dicular to that of the jet 
(Fig. 33). The velocity 
in this direction is destroyed on reaching the orifice ; this 
causes a lateral force on the jet and a consequent reduction of 
area. The contraction of area vill depend on the shape and 
size of the orifice and on the head causing flow. 

The section of the jet at which the stream lines first become 
parallel is known as the vena contracta. This section is the 
line aa in Fig. 33. The velocity at the vena contracta has 
reached its maximum and there will be no further contraction 
of the jet beyond this section. 

31. The Coefi0.cient of Contraction. The ratio between the 
area of the orifice and the area of the jet at the vena contracta 
is known as the coefficient of contraction. 



lict Gq = 

Then, = 


coefficient of contraction 
area of jet at vena contracta 
area of orifice 



OBIFIOES AND MOUTHPIECES 


69 


This coef&cient varies slightly with the head and with the 
size and shape of the orifice. An average value for small, 
sharp-edged orifices is -64. 

The coefficient of discharge may he found experimentally by 
direct measurement of the area of jet at the vena contracta. 
This may be done with the instrument shown in Fig. 34. 
It consists of a smaU collar or ring having four radial screws, 
equally spaced. The ring is held 
at the vena contracta so that 
the jet passes through its centre. 

The screws are then adjusted 
until all their points are in con- 
tact with the surface of the jet. 

The instrument is then removed 
and the space between the screw 
points measured. Micrometer 
screws may be used. 

This method is not very satis- 
factory in practice as the section 
of the jet is not absolutely 
regular ; also, it is difficult to 
adjust the instrument so that 
contact with the surface simultaneously. 

A more accurate method of finding Cc is given at the end 
of Art. 33. 

V 

32. The Coefficient of Velocity. The ratio between the 
theoretical velocity and the actual velocity of the jet at the 
vena contracta is known as the coefficient of velocity. 

Let = coefficient of velocity 

actual velocity at vena contracta 
^ theoretical velocity 

Let H = head causing flow 

V = actual velocity 

Then, . 

V2gH 

Or, V = C^,V2gH 

The difference between the theoretical and actual velocities 
is due to friction at the orifice and is very small for sharp- 
edged orifices. The coefficient of velocity will vary slightly 
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for different orifices, depending on the shape and size of the 
orifice and on the head. An arerage value for is about -97. 

The coefficient may be found experimentally for a vertical, 
orifice by measuring the horizontal and vertical co-ordinates 
of the issuing jet. 

Consider the tank in Fig. 35. 

Let E = height of water in feet above centre of orifice 
aa = vena contracta 



Fig. 35 


The jet of water has a horizontal velocity of v but is acted 
upon by gravity with a downward acceleration of g. Consider 
a particle of water in the jet at F and let the time taken for 
this particle to move from aa to P be ^ sec. 

Let X = horizontal co-ordinate of P from aa in ft. 
y = vertical co-ordinate of P from aa in ft. 

Then, x ~ vt 
and, y = \gt^ 

Equating the values of from these two equations, 

%y 


g 



Substituting for v, 
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The value of can be found from this equation by measuring 
the distances x and y for a certain point on the jet and for a 
known value of H. 

The coefficient of velocity may also be found by measuring 
the actual velocity of the jet with a Pitot tube. 


Example. 

In order to determine the coefficient of velocity of a small circular sharp - 
edged orifice under low heads, the horizontal and vertical co-ordinates of 
the jet were measured when the head was 8 in. The horizontal co-ordinate 
of a certain point of jet, from the vena contracta, was found to be 32-5 in., 
whilst the vertical co-ordinate for the same point was 33*7 in. Find the 
coefficient of velocity. 


where 



E = Sin. 


X — 32-5 in. 


and y = 33-7 in. 
Then, ■■ 


( 32 - 5)2 


4 X 33-7 X 8 


= -988 

t/ 

33. The Coefficient of Discharge. Owing to the reduction 
in velocity and to the contraction of the jet, the actual discharge 
wiU be much less than the theoretical ; the relation between 
them being known as the coefficient of discharge. 

Let G^ = coefficient of discharge 

™ ^ actual discharge 

cn, a — discharge 

But, actual discharge = actual velocity of jet 
X actual area of jet 

= C, XG,A 

where A = area of orifice 


Therefore, actual discharge = GjG^ V2g H x A 
But, A'\/2gH — theoretical discharge 

Therefore, G^ = G^ X C^ 



72 


EYDBAULICB 


The coefficient of discharge of an orifice may therefore be 
fomid by first determining its and Cc and by multiplying 
these together. 

The coefficient of discharge will also vary with the head and 
type of orifice. Usually, its value is between *61 and -64. 

The simplest manner of determining the coefficient of dis- 
charge is by actually measuring the quantity of water dis- 
charged through the orifice in a given time under a known 
constant head, and by dividing this quantity by the theoretical 
discharge. 



Let Q be the volume of water in cubic feet actually discharged 
in a time t sec. 

A good method of finding the coefficient of contraction is to 

G 

find the value of G^ by the above method, then Go — 'pr 

34. Large Vertical Orifices. If a vertical orifice is large 
compared with the head, the velocity of the water may no 
longer be regarded as constant, as the variation in head at 
different vertical sections of the orifice will be considerable. 

Consider the large orifice in Tig. 36. Let the height, of the 
water level he above the top of the orifice and above 
the lower edge. Let B be the breadth of the orifice. 
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Consider a horizontal strip of the orifice of depth h and 
thickness dh. 

Area of strip = B dh 

Velocity of water through strip = V2g h 

Discharge through strip — C^ X area X velocity 


Total discharge 


= C^BdhV^gh 
= C^BV^ f \^dh 


Example. 

A rectangular orifice in the side of a large tank is 4 ft. broad and 2 ft. deep. 
The level of the water in the tank is 2 ft. above the top edge of the orifice. 
Find the quantity of water flowing through the orifice per second if the 
coefficient of discharge is *62. 

Discharge =jCiV2gB{H^=- 

2 

= 3 X -62 X ^644 X 4 (4'- 2®) 

= 68-8 cu. ft. per sec. 

35. Drowned Orifices. If an orifice does not discharge into 
the atmosphere, hut discharges into more water, the whole of 
the outlet side of the orifice being under water, it is known 
as a drowned or submerged orifice. If the outlet side of the 
orifice is only partly under water it is known as a partially 
submerged or drowned orifice. 

In a drowned orifice the discharge of the jet is interfered 
with by the water on the outlet side. This has the effect of 
slightly reducing the coefficient of discharge ; the discharge 
wiU, therefore, be less for a drowned orifice than for a free, 
assuming the net head causing flow to be the same. 

The discharge through a drowned orifice may be obtained 
from the same equations as for an orifice running free, excepting 
that the head causing flow will be the difierence between the 
heads on either side of the orifice. 
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The discharge through a partially drowned orifice may be 
found by treating the lower portion as a drowned orifice and 
the upper portion as an orifice running free and by adding 
together the two discharges thus found. 

Example. 

An orifice in the side of a large tank 
is rectangular in shape, 4 ft. broad and 
2 ft. deep. The water level on one side 
of the orifice is 4 ft. above the top edge ; 
the water level on the other side of 
the orifice is 1 ft. below the top edge. 
Find the discharge per second if 

a, = .62. 

The orifice in the question is 
partially drowned ; the lower 
half may be treated as a drowned 
orifice and the upper half as a 
free orifice. 

Considering upper half of orifice, 
discharge = | 5 Vij [H^ - H^) 

2 

= 3 X -62 X V64'4 X 4(5®- 4*) 

= 42*2 cu. ft. per sec. 

Consider lower half of orifice, 
head causing flow = 6 ft. 

Discharge = V2g x area X VS 

= -62 X 4 X a/6 

= 44-5 CU. ft. per sec. 

Total discharge = 42*2 + 44-5 

= 86-7 cu. ft. per sec. 

36. Time of Emptying Tank. Consider a tank of uniform 
cross-sectional area A (Kg. 37), then let the water be discharged 
through an orifice in the base of the tank so that the water 
level falls from a height to a height in f sec. The rate 
of discharge through the orifice wiU decrease as the water 
level falls. 


H2 







ORIFICES AND MOUTHPIECES 


75 


Let a = area of orifice 

V == velocity of water passing through orifice at any 
particular instant 

At any particular instant let the water level be at a height 
h above the orifice and let the level fall by a small amount dh 
in the time dt. Let the corresponding quantity of water 
passing through the orifice due to this small change of water 
level be dq. 

Then, as volume displaced by water level equals quantity 
flowing through orifice, 

dq — Adh = C^av dt 

But, V = a/^ 

Therefore, Adh = C^aV2ghdt 

Adh 

Ah-^dh 
~ Gn a V2g 

Then, total time taken = i f dh 

CtaV2gJ^^ 

2A r - 1 % 


' GiaVigi 


If the tank is completely emptied, Ifg = 0 


37. Time of Emptying Hemispherical Vessel. The time 
taken to lower the water level in a hemispherical vessel may 
be found in the same manner as in Art. 36 ; but in this case 
the cross-sectional area of the vessel is not uniform (Fig. 38). 

Let R be the radius of vessel and let the water level fall 
from E^to H^ in the time t. 

Consider the instant when the water level is at a height 
and let the radius of the vessel’s cross-section at this level 
be X. 
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Let a small quantity dq flow through the orifice at the base 
in a time dt, and let the -corresponding fall of water level due 
to this be dh. 

Let a = area of orifice 

and V — theoretical velocity of water passing through 
orifice at time considered 

= V2^ 

As volume displaced by water level equals volume flowing 
through orifice, 

dq = 7T dh = Cad V dt 

= Gad V2ghdt 



Therefore, 


x^ = R^-[R-hf 
= 2Rh-h^ 
7r{2Rh-h^)dh 


di 


Cad V2gli 

^{2Eh-h^)h'^dh 


Total time required ) 
to lower water level \ ' 


(2 


d V 2g 


rHi ^ 


{2R¥--lf)dh 


Gitt 

1 


(1) 


If the vessel were full at the commencement and is completely 
emptied, then : 

E 

and — 0 
Equation (1) then becomes, 

277 /2 5 1 

** ~ Gi^aV2g[s^'~S^ 


16 G^aVZg 


( 2 ) 
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Example. 

A hemispherical tank 12 ft. in diameter is emptied through a hole, 8 in. 
diameter, at the bottom. Assuming that the coefficient of discharge is *6, 
find the time required to lower the level of the water surface from 6 ft. to 
4 ft., and deduce the formula you use. (London Univ., 1913.) 


Using Equation 1, 


27r 

Gia‘\^ 







= 58*2 sec. 



38. Time of Mow from One Vessel to Another. Suppose water 
is flowing from one vessel into another (Fig. 39), so that as 
the water level falls in one vessel it will rise by a corresponding 
amount in the other. In this case, the orifice will be drowned 
and. the head causing flow at any instant will be the difference 
between the two water levels at that instant. 

Let the water flow from a vessel of area A-^ into a vessel of 
area A^, and let a be the area of the orifice between the vessels. 
Let the difference of head between the two vessels be H^ 
at the beginning ; it is required to find the time taken for the 
difference of head to reach 
Let V = theoretical velocity of flow through orifice. 

At a certain instant let the difference of head between the 
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two vessels be h, and let a small quantity dq flow through the 
orifice in the time dt This will cause the water level in to 
fall by the small amount dE ; the water level in ^2 will rise, 

A 

therefore, by the amount dH-j-, 

A 

New diflerence of head — h- dE -dE-^ 


-h-dEi 1 + 


Therefore, change of head causing flow ~dh— dE ( 1 + - 7 ^ 

V Aa 


As quantity flowing from A^ equals quantity flowing through 
orifice, 

dq = ■^i_^ = Ca a vdt 
But V — '\/2gh 

Therefore, dt = ~ 

C^a V2g h 

Substituting from Equation (1), 



( 2 ) 
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If both the vessels have the same area, 


Then, 


CiaV2g 


(3) 


It wiU be noticed that the time taken to reduce the difference 
of water level between two vessels of different areas is the same 
whether the water flows from the larger to the smaller or from 
the smaller to the larger, providing the reduction in water 
level is the same in each case. 


Example. 

A tank 10 ft, long and 5 ft. wide is divided into two parts by a partition so 
that the area of one part is three times the area of the other. The partition 
contains a square orifice of 3 in. sides through which the water may flow 
from one part to the other. If the water level in the smaller division is 10 ft. 
above that of the larger, find the time taken to reduce the difference of water 
level to 2 ft. 0 ^ — *62. 


= 5 X = 12i sq. ft. 
Ai =5X7^ = 37^ sq. ft. 
ifi = 10 ft. 

= 2 ft. 


3X3 
144 ' 


sq.ft. 


Using Equation (2), 
t =- 


2AAH*-H,*) 


a ( 1 + 


/- 
V2g 


2 X 12-6(Vl0- V2) 


1 


1\ 


62Xig(l+5-)V64-4 


= 105-5 sec. 


39. Losses of HcEd of Flowing Water, Water flowing along 
a straight uniform passage with perfectly smooth walls would 
suffer no loss of energy, as there would be no resistance. It is- 
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not possible in practice to obtain this condition, on acconnt of 
the frictional resistance of the sides of the passage. The loss 
of energy due to such a resistance is usually expressed as a 
head in feet of water. Mowing water will also be subjected 
to losses of head due to changes of section, changes of direction, 
and obstructions. All such losses are expressed in terms of 
the velocity head. 

{ a ) Loss 01’ Head due to Teictioe' of Sides of Passage. 

This loss is expressed as a function of ^ and will depend on 

the length and diameter of the pipe, the material of which the 
pipe is made, and the nature of the surface. This loss is dealt 
with fully in a subsequent chapter. 

(6) Loss of Head due to Change of Direction. This 
loss is due to the resistance of sharp bends and elbows, and is 
^2 

expressed as a function of 
^2 

Or, loss of head = 

where is a coefficient found by experiment and depends on 
the radius of the bend and the angle of deviation. For 90° 
elbows, h is found to be approximately unity. The loss of 
energy due to a sudden change of direction is ultimately lost 
in the friction of the eddies formed. 

(c) Loss OF Head due to Change of Section of Passage. 
Losses of head under this heading are due to a sudden enlarge- 
ment of section, a sudden contraction, and the loss at entrance 
of a pipe. There are also losses due to a gradual enlargement 
or contraction of the section ; but as these are extremely small, 
they are usually neglected. 

{d) Loss of Head dub to Obstruction in Passage. 
Any obstruction in the passage, such as a diaphragm or a 
projection from the passage walls, will interfere with the 
steady flow of the water and form eddies, the energy of which 
will be ultimately lost in friction. 

obstruction will cause a contraction of the area of flow 
which will be followed by an enlargement when the obstruction 
is passed. The loss of head will be due to this sudden 
enlargement. 
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Summary of Losses of Head. 

(a) Loss of head due to friction 
{h) Loss of head due to bends and ell 
(c) Loss of head due to sudden enlargement 


Loss of head due to sudden contraction = *5 
Loss of head at entrance to pipe 
(d) Loss of head due to obstruction 




d 


zsz h 



Tg 




2(7 

.K 

^2 

.= *0 


= -5 

^2 


2g 
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(Art. 59) 

(Art. 40) 
(Art. 41) 
(Art. 42) 


L-66(^-a) _\ 2g 


1 (Art. 43) 


40. Loss oi Head Due to a Sudden Enlargement. Consider 
water flowing along a pipe 
of area ai, with a velocity 
Vi and a pressure jpi; let 
the pipe be suddenly en- 
larged to an area ag? 
let the velocity of the water 
in the enlarged section be 
and the pressure p 2 
(Fig. 40). The water will 
flow by the enlargement as 
shown in the figure, and a 
backwash of eddies will be 
formed in the corner. It is the formation of these eddies 
which cause the loss of head. 

The eddies press on the annular ring of area a^-ai with a 
pressure of sfl- found by experiment that 

Po is approximately equal to pi and it is on this assumption 
that the solution is obtained. 

Consider the quantity of water between aa and bb. The 
resultant force acting on this mass of water is : 

Pi ai-p^ 



Assuming p^ = pj, 

Total force = ct2iP2~Pi) 

6 — ( 5167 ) 
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The change of momentum per second of this mass of water is 

__ g 


But, aiVi= 

Therefore, change of momentum per second 
wa^v^Vi wa^Vr^ 


Then, as force equals change of momentum per second, 
9 9 




Or, 


V 

w w 9 9 


/y a 

Adding - "to ^oth sides of this equation : 


PZ 'Pi ^ 2 % ^ 2 ^ ^^ 2^1 ^ 2 ^ 

w w 2g~ g g 2g 2g \2g 2g 2g 


Therefore, 


_ ^ {Vi - Vzf 

” ~^9~ ^9 

^ J_ !!!! _L 

w ^ 2g 2g w ^ 2g 


But, by applying Bernoulli’s equation to sections aa and 66, 
"a , _ JJi . V 

~ ' 9/1 nn ' 9/» 


w; 


Therefore, the amount 


2g w~^2g 


^9 


represents the loss of head 


between sections aa and 66. This loss of head is due to the 
sudden enlargement. 


Example. 

A pipe of diameter 6 in. is suddenly enlarged to a diameter of 1 ft. Find 
the loss of head due to this enlargement when the quantity of water flowing 
is 4 cu. ft. per sec. 
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Velocity in 6 in. pipe 


Velocity in 12 in. pipe 


Loss of head 



2? 


(204- 6-1)2 
~ 64-4 

= 3-64 ft. of water. 

41. Loss of Head due to a Sudden Contraction. The loss of 
head due to a sudden 
contraction is not due to 
the contraction itself but 
to the sudden enlarge- 
ment which follows the 
contraction. 

Consider the pipe in 
Fig. 41. Let the pipe 
change section from an 
area of to an area of a. 

The water, in flowing into the narrow section, will be further 
contracted at the section aa, forming a vena contracta in the 
same way as a jet issuing from an orifice. Let the velocity 
at aa be and let the contracted area be ttg. 

Then, a^, ~ G^a 

where <7^ is the coefficient of contraction. 

Let V = velocity of water at the section hh. 

At the section hh the jet of water will have expanded and 
filled the pipe ; consequently, there will be a loss of head 
between aa and hh due to this expansion. 

Loss of head — [Net. 40) 

av == a^v^. 


a^\ \h 



I 


Fm. 41 


But, 
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Therefore, Vc 
Then, loss of head 



Assuming to be -62 for a circular orifice, 




It is found by experiment that the actual value of the con- 
stant is nearer -5 than *375 ; this higher value is generally 
used. 


Then, loss of head due to sudden contraction = 


•5 


2(7 


42. Loss of Head at Entrance to Pipe. The loss of head 
due to the water entering a pipe from a large container is 
actually a loss due to a sudden contraction. 

Let V — velocity in pipe. 

Then, loss of head at entrance = -5 — 

2 ^ 

In cases of water flowing along long pipes, this loss of head 
is very small compared with the frictional loss and may be 
neglected. 

43. Loss of Head due to Obstruction. The loss of head due 
to an obstruction in a pipe may be looked upon as due to the 
sudden enlargement beyond the obstruction. 

Consider a pipe of cross-sectional area A (Eig. 42), and let 
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an obstruction of area a be placed in the pipe. The water 
will flow in stream lines by the obstruction, the vena contracta 
occurring just beyond at the section cc. 

Let V = velocity of water in free section of pipe 
— velocity at vena contracta 
bb = section of normal flow beyond the obstruction 
There will be a loss of head due to the enlargement between 

the sections cc and hb equal to ■ ■ — 

Area of section of flow at cc = C ^ [A - a) ^ 
where 0^ = coefficient of contraction 
Also, Vq Cf,{A -a) ~ V A 

Therefore, t;, 

Then, loss of head = l] 

Assuming the coefficient of contraction = -66, 

r A 

loss of head due to obstruction = -rvni s - 1 — 

L-66(A-a) j 2g 

Example. 

The passage of water through a 6 in. pipe is restricted by a diaphragm with 
a 2 in. diameter hole in its centre. The loss of head at the diaphragm when 
the velocity in the pipe is *59 ft. per sec. equals 1-25 ft. Assuming the head 
ys 

lost = Jc~ where V = the velocity of water in the pipe, find C^. the 

coefficient of contraction of the stream passing through the diaphragm. 
(London XJniv., 1913.) 

77 

In this case the area of flow at the obstruction = ^ (2)^ 


Then, loss of head 


A 

Cc(A~ay 




•555 
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44. External Mouthpiece. The discharge through an orifice 
may be increased by fitting a short length of pipe to the outside. 
Consider the vessel in Fig. 43 to be discharging water through 
a short length of pipe under a head H. The jet, on entering 
the pipe, will at first contract and then expand and fill the 
pipe. Let Ea be the atmospheric pressure in feet of water. 
The pressure at the outlet of the pipe will be at atmospheric ; 
but, as the velocity of the vena contracta is larger than that 
at outlet, the pressure at the vena contracta will be less than 
atmospheric. 



As the pipe is flowing full at outlet, the coefficient of con- 
traction will be umty. The coefficient of velocity may be 
calculated by applying Bernoulli’s equation to certain sections 
of the water. 

Let a — area of pipe 

= area of flow at vena contracta 
V = velocity at outlet of pipe 
V,, ~ velocity at vena contracta 
Hq = absolute pressure in ft. of water at vena contracta 

Assuming coefficient of contraction at vena contracta to 
be *62, 

Uc = 

,= * 62 ^ 
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As quantity flowing at section cc equals quantity flowing 
at bb, 


Vo ao 
Vo 


va 

a 

v~ . 

a. 


( 1 ) 


•62 

Owing to the enlarging of the section between cc and bb, 
{v e — v')'^ 

there will be a loss of head of . (Art. 40.) 


Substituting the value of v^t 

V 


loss of head 


2(7 


= -375 


2^ 


Applying Bernoulli’s equation to free water surface in tank 
and bb, 

Ha + H = ^a-hir + loss of head 
^9 


Therefore, H 'S16~ 

2g 2g 


= 1 - 375 ^ 
^9 


( 2 ) 


Vl-375 
G, = G,x C, 
= -855 


= *855 


Therefore 0^ = 

Then, 
as Go = 1- 

The coefficient of discharge is thus considerably increased 
by fitting an external mouthpiece. 

In order to find the pressure at the vena contracta, apply 
Bernoulli’s equation to the water surface in the tank and to 
the section cc. 


H, + H= H,+ 


2 ? 
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But, from Equation (1), 
and, from Equation (2), E = 

Then, + 1*375 + 

Therefore, • • (3) 

Or, the pressure at the vena contracta is 1-225 — or -S^H 

less than atmospheric. 

The effect of the mouthpiece on 
the discharge is to decrease the 
pressure at the vena contracta and 
thus increase the effective head 
causing flow. 

It is found by experiment that 
the frictional resistance at the 
entrance to the mouthpiece reduces 
the coejficient of discharge from 
•855 to -813. The effect of this 
frictional resistance on the pressure at the vena contracta is 
to reduce the vacuum pressure to about -741?, 

It win be noticed that the pressure at the vena contracta 
will be zero when •74:H = 34 ft. of water. If this condition 
were reached, separation would take place and the flow of 
the. water would no longer be steady. In practice this takes 
place before zero pressure is reached. 

In this type of mouthpiece the length of pipe must be at 
least three diameters in order for the pipe to run full. 

By making the mouthpiece to the shape of the jet up to 
the vena contracta, as in Eig. 44, the loss due to the enlarge- 
ment is eliminated. This will make the theoretical coefficient 
of discharge equal to unity. Such a mouthpiece is known as 
a convergent mouthpiece. Actually, owing to frictional loss, 
the coefficient of discharge for this mouthpiece is about -975. 

By making the mouthpiece divergent, the loss due to the 
enlargement of the jet may be considerably reduced. In this 



Pig. 44 
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type the mouthpiece is sometimes made convergent up to the 
vena contracta and then diverges as in Fig. 45. As the 
divergence increases, the velocity at cc increases ; this 
will cause an increase in the vacuum pressure at the vena 
contracta ; and, as this cannot be greater than 34 ft. theo- 
retically, or 26 ft. actually, there is a limit to the amount of 
divergence if a steady flow is to be maintained. 



Fig. 45 
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Example. 

Water is discharged through an external cylindrical mouthpiece, of 4 sq. in 
area, under a head of 10 ft. Find the discharge and the pressure at the 
vena contracta. Coefficient of contraction = *64. 


Applying Bernoulli’s equation to water surface and outlet 
end of mouthpiece, 


But, 


10 


29”^ Sg- 


«’c = 


V 


Then, 


10 =w“ + 

2g 


•64 




Therefore, 

4 

Discharge = av = jjj 


1*316 

V = 22*18 cu. ft. per sec. 

X 22*18 = *616 cu. ft. per sec. 


V 

— ■^ = 34*6 ft. per sec. 

Applying Bernoulli’s equation to water surface and vena 
contracta, 

34+10 = 

(34*61^ 

Therefore, = 44 — = 25*4 ft. of water absolute. 


45. Re-entrant or Borda’s Mouthpiece. An internal mouth- 
piece, such as shown in Big. 46, is known as a re-entrant or 
Borda mouthpiece. If the jet, after contraction, does not 
touch the sides of the mouthpiece, as in Fig. 46, it is said to be 
running free. If, after contraction, the jet expands and fiUs 
the mouthpiece, as in Fig. 47, it is said to be running full. 

Consider the mouthpiece of Fig. 46, In this case the 
mouthpiece is running free. 
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Let H = height of water surface above centre of mouthpiece 
a = area of mouthpiece 
V = velocity of flow through mouthpiece 
Qq = contracted area of jet 




Fig. 47 


As force equals rate of change of momentum, total pressure 
at entrance = change of momentum per second. 

^ {wa^v)v 

Or, pa = 


Substituting p = wH, 
waH = 


But, 


g 


w a.'- 

"g 


E 


Therefore, ^ = a,~ 

^g g 


Or, 



That is, the coefficient of contraction = *5. 

This may be accounted for by the water surrounding the 
outside of the mouthpiece having to deviate through an angle 
of 180° in reaching the jet. 

Next consider the mouthpiece running fuU, as in Big. 47. 
This case is similar to an external mouthpiece. There will be 
a vacuum pressure at the vena contracta which wiU increase 
the velocity at that section. This will cause an increased 
discharge as the coefficient of contraction at the outlet is 
now unity. 
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Consider tlie sections aa and hh. There will be a loss of 
head due to the enlarging of the section. 

Using the same notation as in Art. 44, 

loss of head due to enlargement = 


as Cc for the jet = *5 


(^c - '^r 



i^pplying Bernoulli’s equation to the water surface and to 
the outlet end of the mouthpiece, 


Or, 


Then, 


2g 


floss due to \ 
enlargement ) 



V = VgE 


Discharge, when running full = av 

= aVgH 

Discharge, when running free = ’5a ^/2g E 


Therefore, the discharge is increased by 7=. when running 

full. -6 V2 ^ 


Coefficient of discharge when running full = = *707 


In practice, the coefficient of discharge is foimd to be slightly 
greater than this amount. 

The pressure at the vena contracta may be found by applying 
Bernoulli’s equation to sections cc and hh. 
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4 : 

Therefore. + 

Or, = 


Thus, the pressure at the vena contracta is less than 
atmospheric by an amount equal to the .head of water in the 
vessel. Assuming separation takes place at a vacuum pressure 
of 26 ft. of water, the maximum value of H for steady flow 
is when Hc== 26. 

Then, Ha-2Q = H,-H 

Or, jET = 26 ft. of water. 

Example, 

Calculate the coefficient of discharge frord a projecting cylindrical mouth- 
piece in the side of a water tank assuming that the only loss is that due to 
the sudden enlargement in the mouthpiece, taking a coefficient of contraction 
as *64. Compare the discharge through a Borda mouthpiece in the vertical 
side of a tank filled with water, and the jet running free, with that from a 
short cylindrical mouthpiece projecting from the vertical side of the tank if 
both are placed in similar positions, are 2 m. in diameter, and the constant 
head above the centre of each is 3 ft. Sketch the issuing jets in each case. 
(London IJniv., 1920.) 


Applying Bernoulli’s equation to water surface and outlet 
of mouthpiece, 




^9 


But, 

II 

Then, 

V '0^ . ( 'O 

1-316 



And, 

V 1-316 





Discharge 
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Theoretical discharge 


a V2g H 
a 


„ ^ , Vl-316V2s-i? 

Coefficient of discharge ~=S — = 

a V2g H 

= -876 

Coefficient of discharge for Borda ) _ 
inonthpiece running free ) ~ 

Actual di scharge for Borda ) /- — - 

mouthpiece ) ~ •5 a V2g H 


Vl'316 


Actual discharge for cylin- ) 
drical mouthpiece \ ' 


-6 X j X X V'64-4 X 3 
: -1518 cu. ft. per sec. 

: GaCiV2g H 

77 4 

•876 X j- X X V 64-4 X 3 


•268 cu. ft. per 


sec. 


Examples 4. 

(1) The discharge through a sharp-edged circular orifice, 1 in. diameter, 
under a constant head of 4 ft. is 3*24 cu. ft. per min. Find the coefficient of 
discharge. 

Ans . — ~ *615. 

(2) If the jet in Question 1, when measured with a screw gauge, is found 
to have a diameter of *785 in., find the coefficient of velocity. 

jin3, — = *992. 

(3) A jet of water issues from a sharp-edged vertical orifice under a constant 
head of 4 in. At a certain point of the issuing jet, the horizontal and vertical 
co-ordinates from the vena contracta are measured and found to be 16 in. 
and 16*8 in. respectively. Find the coefficient of velocity of the jet. 

A71s.—C^ = -978. 

(4) Find the discharge through a large rectangular vertical orifice, 6 ft. 
wide and 4 ft. deep, when the water level is 10 ft. above the top edge of the 
orifice. G^ = -61. 

A71S . — 403 cu. ft. per sec. 

(5) Water flows from a tank at the rate of 400 gallons per minute into a 
horizontal pipe of 6 in. diameter. The pipe suddenly changes to 8 in. 
diameter at a short distance from the tank and is then suddenly reduced back 
to 6 in. diameter. Find the loss of head at entrance to pipe, at enlargement, 
and at contraction. 

Ans. — 231, *09, '231 ft. of water. 
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(6) A large tank has a circular sharp-edged orifice 1-44 sq. in. in area at a 
depth of 9 ft. below constant water level. The jet issues horizontally, and in 
a horizontal distance of 7*8 ft. it falls 1*8 ft. The measured discharge is 
• 15 cusecs. Calculate the coefficients of velocity, contraction, and discharge. 
(A.M.I. Civil E., 1922.) 

Ans. — 97; *643 ; -624. 

(7) A reservoir is circular in plan, the diameter of the top water level is 
300 ft., at a depth of 5 ft. the diameter is 250 ft. The mouth of the outlet 
pipe, which is 24 in. in diameter, is 12 ft. below top water level ; how long 
will it take to lower the depth of the water in the reservoir 5 ft. ? (Take 
0 — *8.) (London XJniv., 1917.) 

Ans. — 79*4 min. 

(8) A tank 20 ft. long and 5 ft. wide is divided into two parts, by a partition, 
so that one part is four times the other part. The water level in the large 
portion is 10 ft. higher than that in the smaller. Find the time for the 
difference of water level in the two portions to reach 4 ft. if the water flows 
through an orifice in the partition 3 in. square. (7^ = *6. 

Ans. — 2*055 min. 

(9) A pipe 10 in. diameter has a diaphragm fitted in it, in which there is a 
hole 4 in. diameter concentric mth the pipe. Investigate a formula for the 
loss of head at the diaphragm and show how the arrangement can be used to 
measure the flow along the pipe. 

Show also how you would check experimentally the assumptions made. 
(London Univ., 1920.) 

(10) Establish Bernoulli’s equation for the stream line motion of a fluid. 
Show that when water is issuing steadily from a re-entrant orifice in the 
bottom of a tank, the area of the jet at the vena contracta is | of the area of 
the orifice. (London XJniv., 1915.) 

(11) Water in a tank discharges through an external divergent mouthpiece. 
If the outlet area of the mouthpiece is four times the minimum area, find the 
maximum head in the tank at which steady flow through the mouthpiece can 
be obtained. Assume separation takes place at an absolute pressure of 
8 ft. of water. 

Ans. — 1*735 ft. of water. 

(12) Water under a constant head of 9 ft. discharges through an external 
cylindrical mouthpiece of 2 in. diameter. (7^ = *6. 

Find, (1) the discharge in cubic feet per second ; (2) the coefficient of 
discharge ; (3) the absolute pressure at the vena contracta in feet of water. 

Ans.—AZl; *832 ; 25*7 

(13) If the mouthpiece in Question (12) were a Borda mouthpiece running 
full, what would be the discharge ? 

Afis. — 372 cu. ft. per sec. 

(14) Compensation water is to be discharged by two circular orifices under 

a constant head of 2 ft. 6 in,, measured to the centre of the orifices. What 
diameter will be required to give 3,000,000 gallons a day ? *62 ; G„= *97. 

(A.M.I. Civil E., 1921.) 

Ans . — 8*18 in. 

(15) A pipe increases abruptly from diameter d to diameter D. Deduce an 

expression for the loss of head by shock when the discharge is Q, If d = 12 in., 
D = 18 in., and Q = 5 g\i. ft. per sec., what is the loss of head ? (A.M.I. 

Civil E., 1921.) 


Ans . — *196 ft. 
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(16) Deduce an expression for the loss of head at a sudden enlargement 
in a pipe line. Using your result, determine the loss of head when a 12-in. 
pipe line discharges directly through the side of a reservoir, the velocity of 
flow being 10 ft. per sec. (A.M.I. Mech. E., 1926.) (Assume U, = *6.) 

Ans . — *692 ft. of water. 


(17) Two vertical sided basins, each having a surface area of 2,000 sq. ft., 
are connected by a sluice gate of area 2 sq. ft. Thednitial difference of level 
in the basins is 9ft. How long will it take to reduce ^is to^ 4 ft. ? The 
coefficient of discharge of the orifice is -8. (A.M.Inst. C.E., 19-6.) 

Ans . — 4 mins. 8 secs. 



CHAPTER V 

NOTCHES AND WEIRS 

46. Notches and Weirs. A notch may be regarded as an 
orifice with the water surface below its upper edge. Notches 
are used for measuring the flow of water from a vessel or 
reservoir and are generally rectangular or triangular in shape. 

A weir is the name given to a dam over which water is 
flowing. Theoretically, there is no difference between a simple 
rectangular weir and a rectangular notch, except the latter 
may have sharp edges.* 

The sheet of water flowing through a notch or over a weir 
is known as the nappe or vein. The top of the weir over 
which the water flows is known as the sill or crest. Large 
weirs are sometimes divided into sections by vertical posts. 

Shallow rivers are often made navigable by building dams 
across the river at certain sections over which the water may 
flow. This has the effect of deepening the river on the up- 
stream side of the dam by an amount equal to the height of 
the dam above the original water level. During a drought, 
httle or no water vill flow past the dam ; but after heavy rains 
the water flows over the dam, thus converting it into a weir. 
It is necessary to make short canals, containing locks, around 
these dams in order that the shipping may pass. 

47. Rectangular Notch. If water flows from a tank or 
reservoir over a notch there will be a contraction of the vein 
and a slight frictional resistance at the sides, as in the case of 
an orifice. This will cause the actual discharge to be less 
than the theoretical discharge ; the ratio between them will 
be the coefficient of discharge for the notch. An average 
value of this coefficient is about *62. 

Consider the rectangular notch in Eig. 48. 

Let L = breadth of notch 

H = height of water surface above sill 
= coefficient of discharge 

Consider a horizontal strip of the water of thickness dh and 
of depth h. The theoretical velocity of the water flowing 
through strip will be V^gh, 

* The term “ weir ” is sometimes loosely applied to small notches. 
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Discharge through strip = LdhV^gh 
Total discharge = LV^gC^ f dh 

^ n 

— ■^L^2gCa 1 
L J Q 

= ~CaV^LH' . . ( 1 ) 


This equation is not used for large weirs. 

If a notch of this t 3 rpe is 
used for measuring a quantity 
of water flowing, it must 
be cahbrated experimentally. 
The discharge for any given 
weir is equal to h where 

^ ^ C ^y^^g L. 

Then, by measuring the dis- 
charge per second for various 
heads, the value of h may be obtained by plotting the discharge 
and A perfect straight flne will not be obtained, as 
Ca varies shghtly with the head. This method of obtaining 
is demonstrated in Example 2. 

An alternative method is to assume Q = IcE'^ ; then taking 
logs of both sides of this equation, 

log Q = log ^ + ?^ log Zf . . . (2) 

which is a straight line law. 

By plotting from experimental results log E as base and 
log Q as vertical ordinate, a straight line is obtained from 
which h and n can be found. For, 


II 


h 


Fig. 48 


when E = I, log E == 0 ; then log h = log Q, hence h. 
Also, by choosing any convenient point on the graph, 
log Q - log K 

” = (FromEq.(2)) 

This method is demonstrated in Example 1. 
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Example 1. 


The following observations were made during measurements on a weir, 
whose crest “ b ” is 3 ft. long. 


Head H ” ft. . 

1 

•2 

1 

•4 

•6 

•8 

1-0 

1-2 

1-5 

Q in. ft. per sec. 

•846 

2-34 

4-24 

6-48 

9-00 

11-78 

16-.35 


If the discharge is given by ^ determine K and n. ( A.M.I.Moch. E , 

1925.) 



Fig. 48a 

First plot log H and log Q and draw a straight line a mean 
through the points, as shown in Fig. 48a. 

Let !c == Kb 

When H = I, log H = 0 ; then. 




loo 

FroDi which, 
Then, 


BYDUAVLICB 
k -9 
K = k-rb 
== 9-f 3 = 3 


Also, 

Using the values 


log Q - logK 
- log H 

for the point at which log H = *1, 


71 = 


M05~-955 

•1 


= 1-5 

Hence, equation is 

Q = SbH^ 


Example 2. 

In order to find the coefficient of discharge for a small rectangular notch, 
the discharge was measured experimentally for different heads for a rectangular 
notch 6 in. wide. The following results were obtained — 


Head in feet . . . *0651 *0716 *0775 -0827 -0870 

Discharge in cubic feet per 

second . . . *92813 -03180 -03535 -03872 -0419 


Find the average value of for the notch. 

2 ^ 

Discharge = Q =:^GaV2g L 


The value of the constant h may be found by plotting Q 
and H\ thus obtaining a straight line. This is done in Fig. 49 ; 
a straight line is drawn a mean through the points and passing 
through the origin. 

Taking the values of Q and from a point P on the 
straight line, 



•025 

•015 


= 1-667 
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As h =^GiV^L, 


2 ^ /— Jc 1-667 

jGa'\/2g = j = — 3-333 


And, 




L~ -5 

3-333 
2 ' 


•624 





Fig. 40 

48. Triangular or V-Notch. In the case of a rectangular 
notch, it will be noticed that the total wetted edge of the notch 
does not vary directly with the head, as the length cf the base 
is the same for all heads. Therefore, the coefficient of con- 
traction, which depends on the length of wetted edge, is not a 
constant for all heads. But in the case of a triangular notch, 
there is no base to cause contraction, which will be due to the 
sides only. The coefficient of contraction will, therefore, be 
a constant for aU heads. Tor this reason, the triangular notch 
is the most satisfactory type for measuring the quantity of 
water flowing. 
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Consider the triangular notch in Fig. 50, 

Let H = height of water surface 
and d = angle of notch 

Then, width of notch at water 
0 

surface = 2H tan — 

Consider a horizontal strip of the 
notch of thickness dJi and of depth h. 

0 

Width of strip = 2{H 

Theoretical velocity of flow through 
strip = ^/^h 

d 

Discharge through strip = 2{H -h) tan ■^dhv2ghCa 

Total dJ.ota,ge.l,„.ghj ^ ^ Vit.nljTdJ-i)*** 

0 r2 3 2b 

= 2(7dV2gtan^ 

L Jq 

8 e s 

= V2^tan^-a‘ 


Assuming 




Discharge 


= 2*66 tan 

. . (1) 

For a 90° 

notch, 

d 

tan— = 1 


Then, discharge 

= 2-56 

• . (2) 


Example 1. 

In order to find the constant for a 90° triangular notch, the discharge 
through the notch was measured for different heads. The following readings 
were obtained — 

Head in feet -0407 -0491 -0550 -0692 -0798 -0919 -101 

Discharge in cubic [ 

feet per second \ ‘00095 *00156 *00207 *00361 *00490 *00702 *00867 



Fig. 50 


Find the constant for the notch and the value of (7^. 
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g 

As discharge for a 90° notch = 'VZgH^, 

Q =hH^ 

8 

where ^ = ^5 C'd 



Fig. 51 

A straight Hne should, therefore, be obtained by plotting Q 
and E\ This has been done in Fig. 51 ; it will be noticed 
that the points lie approximately on a straight hne passing 
through the origin. 
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From point P on this straight line, 
Q *0055 




-= 2-75 


Then, Q = 2-75 

As Jc = Y^Cd 

G , = = -642 

V2g X 8 

Example 2. 

A trapezoidal notch has a base L and a head H, the sides make an angle 
of $ to the vertical. Deduce an expression for the discharge tlirough the 
notch. 

A notch of this type may be divided into a rectangular 
notch of breadth L, and a triangular notch subtending an 
angle of 2Q. Then, the total discharge may be found by 
adding together the discharges from these' two. 

Discharge through ) £ ^ /iT t 

rectangular notch )“3 Ca'y^gDn 

Discharge through ) 8 « 

triangular notch ) “ 15 


Total discharge ^^Ga L + y=C^\/2g tan 




:tan d.E 


TMs may also be obtained from first principles by producing 
the sloping sides to their point of intersection, and integrating 
between the limits of the head E. 

49. Thomson’s Principle of Similarity. Similar weirs or 
notches may be defined as notches which may be represented 
by drawings of the same notch but to a different scale. The 
discharge through similar notches will depend on their hnear 
dimensions raised to power of f. 

Consider two similar triangular notches. 

Discharge oc area X velocity 
But, area oc E’^ 
and velocity oc V H 

Then, discharge cc E^ x VE 

- JcH^ 
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The constant k should be the same for all similar notches. 

In the case of similar rectangular notches, let the breadth 
of the notches be L and nL, and let the corresponding heads 
be E and nH. 

Then, 

discharge of one weir (area X velocity) of one 
discharge of other ” (area X velocity) of other 
__nL X nH X V nH 
LxHx Vi 

= 

50. Francis’ Formula for Rectangular Weirs. An empirical 
formula for the discharge of 
a rectangular weir is given by 
Francis as — 

Q^Z’ZHL-’lnH)H^ 
cu. ft. per sec. 

where L = total breadth of 
weir in feet 
H = head in feet 
and n = number of end 
contractions 

For a simple rectangular 
weir, w = 2. For a large weir 
which is spht up into bays by 
vertical posts, n will depend 
on the number of bays into which the weir is divided. 

Although Francis deduced this formula experimentally, it 
can be proved to be quite rational. As the water flows over 
the weir, the vein is contracted at the sides (Fig. 52) by an 
amount which is found, experimentally, to average AH for 
each side. If there are two contractions, as in the case of 
Fig. 52, the effective breadth of the weir is [L - '2H). If 
there were n contractions the effective length would be 
[L-AnH). 

Substituting the effective length in Equation (1), Art. 47, 

Assuming = -623, 

Q = 3 33 (L--lnH)H’ 


A 
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If the end contractions are suppressed, as in the case of a 
weir having the same width as the channel by which the water _ 
approaches, n will be zero. 

Then, Q = 3-33 


Example. 

Show that a rational formula for the flow Q over a rectangular weir of 
width B can be expressed as 

Q=A{B-GE)H^ 

where H is the depth of water at a point near the weir which is not affected 
by the curvature of the surface. 

In a rectangular weir, 5 ft. in breadth, the discharge is 5*91 cu. ft. per sec. 
when the head of water is *51 ft., and is 14-99 cu. ft. when the head is 
•96 ft. Find the values of the constants in the above expression, and estimate 
the discharge when the head is *75 ft. (London XJniv., 1913.) 


This is Francis’ formula. Substituting the values of B 
and H in the given two cases, 



5-91 = 

.4(5- 

-C-51)-5P • 

• • (1) 

also, 

14-99 = 

A{5- 

- C -96) •QS* . 

• • (2) 

From (1), 

16*2 = 

5 A - 

•51 AO . 

• • (3) 

From (2), 

16*0 = 

5A- 

■96 AG 


Subtracting, 

•2 = 

•45 AO 


Then, 

C - 

•2 

■iSA 




Substituting in (3), 

18-2 = &A- -SU X Tr. 

•45,4 

= 6.4 -■2265 
A = 3-29 


■d, 

Then, 

When 


G =- 


•2 


•135 


•45 X 3-29 
Q - 3-29 (5--135J?)5^ 
H = -75 ft., 

Q = 3-29 (5- -101) -75'^ 
= 10*46 cu. ft. per sec. 
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51. Bazin’s Formula for Rectangular Weirs. Another type 
of equation used for obtaining the discharge over a rectangular 
weir without end contractions is known as Bazin’s formula. 
Using Equation (1), Art. 47, 

Q =|c, 

= m V2g L H’, 

2 

where m~—G^ 

O 

The coefficient m was found by Bazin to vary with the head, 
its value being obtained from the following equation — 


m = -405 


+ 


■00984 

H 


Example. 

Find the discharge, using Bazin’s formula, for a rectangular weir with end 
contractions suppressed, when the head is 6 in. and the length 4 ft. 


As -5, 


Discharge 


m = -405 


+ 


-00984 

•5 


= 42468 

= mV^gL 

= -42468 X V2g X 4 X (*5)' 
= -482 cu. ft. per sec. 


52. Velocity of Approach. If the area of the channel through 
which the water approaches the weir is larger than the weir 
itself, the water will have a velocity on reaching the weir 
known as the velocity of approach. This velocity may be 
assumed to be uniform over the whole weir. 


Let A = cross-sectional area of channel behind weir 
== velocity of approach 
Q — discharge over weir in cu. ft. per sec. 

Then, as quantity of water passing over weir per second 
equals quantity flowing along channel per second, 
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The (^^uaiitity Q is determined, as a first approximation, from 
the ordinary weir equation, ignoring the velocity of approach. 

Additional head due to velocity of approach = — and 
acts over whole of weir. 

Consider the horizontal strip of the weir in Tig. 48. 


Discharge through strip = X Ldh 


Total discharge 


Ga L I W dh 


r 

20 


2 . — ^ 



( 1 ) 


As the value of v-^ was obtained only approximately in the 
first case, it should be corrected to suit the new discharge 
obtained from Equation (1). Then, by substituting this new 
value of in Equation (1), a more accurate value of the actual 
discharge may be obtained. If the value of is small, this 
correction of the first approximation will make very little 
difference to the discharge obtained from Equation (1). 

Francis’ formula for velocity of approach becomes — 


where = ^ + F, and is known as the still water head. 

From the results of experiments, Bazin found that the 
discharge could be obtained by increasing the actual measured 

V ^ 

head, E, by the amount a — , where a is a constant having a 
mean value of 1-6. ^ 
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Then, equivalent static head, or stiU water head 

= 

Bazinas formula then becomes — 


e = 

where m = 405 + 



‘00984 


29 / 


Example. 

Find the discharge over a weir 10 ft. long under a measured head of 2 ft., 
if the channel approaching the weir is 20 ft. wide and 3 ft. deep. 


First find the discharge, ignoring velocity of approach. 
Using Francis’ formula, 

= 3-33 ( 10 -• 4)2 
= 904 cu. ffc. per sec. 


Q 904 
4 “ 20 X 3 ' 


T61 ft. per sec. 


Still w'ater head = H-i = E 

2g 


= 2 + 


1 - 61 ^ 


29 

= 2-035 ft. 

Suhstituting in Francis’ formula for velocity of approach. 


Q = 3-33(i--lnfij)jff,5_(|Lyj 

= 3-33 (10--407)j2-036’-(^yj 


= 93*0 cu. ft. per sec. 


In this example the value of is so small that no adjustment 
is necessary. 
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53. Time of Emptying Reservoir with Rectangular Weir. 

Consider a reservoir of area A sq. ft. in plan from which water 
is flowing over a rectangular weir of breadth L. It is required 
to find the time taken for the water level in the reservoir to 
fall from a height Hi to a height H 2 above the level of the sill. 

Suppose at any instant the height of water level above the 
sill is h. Then let a small quantity dq flow over the weir in a 
time dt, and let this cause the water level in reservoir to fall 
by amount dk. 

2 

Discharge through weir = L If dt 

Discharge from reservoir = dq" A dh 
2 

Then, ^ ^ 2gL7f dt = A dh 

And, 


Total time 


_ r 1 ' 

2A / I M 

If Bazin’s coefficient is used, this equation becomes 

, > ) 
mV2gL\H^ H\} 

Using Francis’ formula the equation becomes 

±_J_\ 

Hi H\l 

the value of H being taken as a mean of Hi and H^, 
Example. 

Show that the discharge over a sharp-edged V notch is theoretically 
proportional to the head raised to an index power of 2*5. 


2A 

's^S3(L~AnH) 
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A sharp-edged V notch inserted in the side of a rectangular tank, 12 ft. 
long and 4 ft. broad, gives a calibration Q = 2*64Z?2.5 Q is measured 

in cubic feet per second and H is measured in feet. Find how long it will 
take to reduce the head in the tank from 12 in. to 1 in. if the water discharges 
freely over the notch and there is no inflow into the tank. (London Univ., 
1921.) 


Consider the water level at any instant to be ^ft. above 
bottom of notch. Let small quantity dq flow through in 
time dty thereby reducing water level by dh. 


Then, dq 

Also, dq 

Therefore, 2-64 dt 

Dr, dt 


= 2-64 dt 
= A dh 
= Adh 
Adh 
“ 2-64 


Total time 



= 8-2 mins. 


Examples 5. 

(1) Find the discharge through a rectangular weir, 8 ft. wide, under a head 
of 8 in., when the side contractions are suppressed — 

1. By Bazin’s formula. Ans. — 14*7 eu. ft. per sec. 

2. By Francis’ formula. Ans. — 14*5 cu. ft. per sec. 

(2) A rectangular weir is 6 ft. broad and has a head of 2 ft. 3 in. Find 
the discharge taking into account the two end contractions. 

Ans. — 62*2 cu. ft. per sec. 

(3) A rectangular weir, 20 ft. long, is divided into three bays by two 
vertical posts, each 1 ft. wide. Find the discharge when the head is 1 ft. 6 in. 

Ans. — 104*7 cu. ft. per sec. 
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1 t- mil nr notcli under a constant iiead 

(4) Find the discharge trough a tria g ^ 

of 10 in. if the angle of the notch is - ■ d — 2*94 cu. ft. 

, . Viavinc^ a fall of 60 ft., is gauged by a 

(5) A stream approaching ^ if in. and the length of the weir 

weir. The measured head over the the 

• 1 A u The velocity of approach w is 4 it. pei , 

Lad may be supposed to be increased by Determine the power 

Lla« t.o assu^^ing that 50 per cent of the energy can he n ed. 
(London Univ., 1916.) Ans.— 165*2 h.p. 

(6) Obtain a fonnula fon the « over a rectangular weir, tahing into 

“f“ra‘"of =h is 25 ft., and its depth below the crest 
of the weir is 3 ft. (London Umv., 1021.) 93 cu. ft. per sec. 

(,) During a test in ^ “Sefv^K^eadaft^^^^^^^^^ 

Venturi meter flows over a i ^neter is 10 in., and the dia- 

registered. The larger *lXh”ad over the V notch of -604 ft 

”s.issf sf 

(London Univ., 1915.) — h = *99. 

15^^. fonTrSd howTongTt “v^U^tTfo^-tt' itvel sSf tTlaUfTom 

' Delucf fte formula you use and note any assumptions made. (London 
Univ., 1912.) j^^g._179*5 mm. 

(9) State the principle of similarity ^ 

that the discharge from a triangular notch is 

Q = GH^ 

The compensation water from -"d tt\^eX* -ifS 
is discharged over a rectangular wem. hmd tne len^n 

head is noho be more than 15 m. (London Umv., -) ^^ _5.05{t. 

,a ss fi 2.sr " 

X>drZ^"ecSft ^letf « 1^54 (SfterE.; 

1922.) 

M tt. a.p» -• w S 

sSi: r”sri“i — 

(A.M.I. Civil E., 1922.) 1*725 ft. 8*7 ft. 
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(13) The following observations were made during measurements on a 
woir, whose crest “ b ” is 3 ft. long. 


Head “ H ” ft. . 

0-2 

0-4 

0-6 

0-8 

1-0 

1-2 

Q cub. ft. per sec. 

0-846 

2-34 

4-24 

6-4S 

9-00 

11-78 


If the discharge is given by Q = Kb determine K and n. (A.M.I. Mech.E., 
1925.) 

Ans. — K = 3*01 ; n = 1*49 

(14) Deduce an expression for the discharge over a right-angled triangular 

notch. If the coefficient of discharge is 0-61, what will be the discharge 
under a head of 12 in. ? (A.M.I. Mech. E., 1925.) 

Ans. — 2-6 cu. ft. per sec. 

(15) Deduce an expression for the discharge over a right-anglerl triangular 
notch. If the coefficient of discharge is 0-61, what \\ilJ bo rl:c discharge if 
the head is 18 in. ? (A.M.Inst. C.E., 1925.) 

Ans. — 7T6 cu. ft. per sec. 


8— (516/) 



CHAPTER VI 

FRICTION AND FLOW THROUGH PIPES 

54. Fluid Friction. Fluids in motion are subjected to certain 
resistances wliich are assumed to be due to friction. For 
convenience, they will be known, in what follows, as frictional 
resistances. Actually, these resistances are mainly due to 
viscosity; that is, to the resistance to sliding between two 
adjacent layers of the fluid. 

Viscous resistance is a shear resistance and is probably due 
to overcoming the tension between the particles on a plane 
inclined to the plane of shear. The resistance would then be 
equal to the components of this tension, in the plane of 
shear. It has been suggested that the resistance of a fluid to 
tension is due to molecular attraction ; in which case, the 
apparent frictional resistance of a fluid is primarily due to 
this cause. 

It is foimd that the motion of a liquid is a steady stream 
line flow for low velocities only. After a certain velocity is 
reached the motion is no longer steady and eddy currents 
appear. The velocity at which the flow changes from steady 
flow to eddy flow is baown as the critical velocity. 

For liquids moving with a steady stream line motion, that 
is, before the critical velocity is reached, the frictional resistance 
obeys certain laws ; this is known as a stream line flow. But 
once the critical velocity is passed, there is a distinct change in 
many of these laws. 

For steady stream line flow the frictional resistance is— 

(1) Proportional to the velocity. 

(2) Independent of the pressure. 

(3) Proportional to the area of surface in contact. 

(4) Independent of nature of surface in contact. 

(5) Varies greatly with the temperature. 

On account of (4), it is inferred that when a liquid is flowing 
past a surface with a velocity less than the critical velocity, a 
film of stationary liquid is formed over the surface ; the 
resistance is then due to viscosity only. 

114 
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For unsteady flow beyond the critical velocity, the frictional 
resistance is — 

(1) Proportional to the square of velocity. 

(2) Independent of pressure. 

(3) Proportional to density of fluid. 

(4) Varies only slightly with the temperature. 

(5) Proportional to area of surface in contact. 

(6) Depends on nature of surface in contact. 

This type of flow is known as a turbulent flow. 

55. Fronde’s Experiments. The frictional resistances of 
surfaces moving in water were investigated by Froude.* An 
experimental tank, about 300 ft. long, containing water was 
used. Thin wooden boards were towed endwise in this tank 
by connecting them to a carriage running on rails at the side. 
The carriage was hauled along at various speeds by means of 
a wire rope passing around a drum, the force reqmred to tow 
the boards being measured. Boards of lengths varying from 
2 f b. to 50 ft. were used, their surfaces being covered with 
varnish, tinfoil, calico, and sand, in turn. 

From the results of these experiments Froude concluded — 

(1) The frictional resistance varies approximately with the 
square of the velocity.f 

(2) The frictional resistance varies with the nature of the 
surface. 

(3) The frictional resistance per square foot of surface 
decreases as the length of the board increases, but is constant 
for long lengths. 

The explanation of this last conclusion is that the relative 
velocity between the water and the board is greater at the 
front edge. The water is at rest when cut by the front edge, 
but is dragged along with the board once the front edge is 
passed. This causes the mean relative velocity to be greater 
with a short board than with a long one. For this reason, the 
frictional resistance per square foot may be taken as constant. 

Let f = frictional resistance per sq. ft. of a given surface 
at unit velocityl 

A = area of wetted surface in sq. ft. 

7 = velocity of surface in ft. per sec. 

* British Association Reports, 1872-1874. 

t Actually f will vary with the temperature, the velocity, and the length, 
as shown in Chapter XII. 
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Then, total frictional resistance =f A 
Assuming tlie index 7i = 2, 

total frictional resistance =/' ri . . (1) 

56. Eesistance of SMps. The resistance of a ship to motion 
is due to the frictional resistance of its wetted surface and to 
head resistance. The latter will depend on the shape of ship 
and can be reduced by mab’ng the immersed portion of the 
ship a stream line form. The energy utiKzed in overcoming 
the head resistance is wasted in the formation of waves, known 
as the w’ash, and is eventually lost in friction. The best stream 
line form for a ship will depend on the speed and on the 
density of the fluid in wliich the ship is immersed. The stern 
should be more tapered than the bow, fast ships should be 
more tapered than slow ones, whilst an airship, which travels 
in a much hghter fluid, need not be tapered as much as a sea- 
going vessel of the same speed. The best form of ship can only 
be determined by experiment, and it is usual, before building 
a ship, to make a small model of the same proportions and to 
measure its resistance in an experimental tank. By so doing, 
the head or wave resistance of the proposed ship may be 
calculated from that of the model.* 

Total resistance of ship = frictional resistance + wave resistance. 
Let Rf == frictional resistance of ship 
Rjjo = wave resistance of ship 
and R = total resistance of ship 
Then, R — Rf + Rj^ 

Let fs — frictional resistance per sq. ft. of ship at unit 
velocity 

As = area of wetted surface of ship 
and = speed of ship 

From Equation (1), Art. 65, 

= fs As F/ 

then R^ = R-fsAsVs^ 

It is known from experiments with ships that the wave 
resistance of a ship is in proportion to the square of the speed 
and to the area of transverse section, and may be calculated 
from the wave resistance of the model .f 

* For a fuller account of the resistance of ships see Sir William White’s 
Naval Architecture. 
t See also Art. 127. 
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Let 


/to = frictional resistance per sq. ft. of model at 
unit velocity 

== area of wetted surface of model 
= speed of model 
= total resistance of model 
= frictional resistance of model 
= wave resistance of model 


Then, 


A„ 

Vrr. 

r 

Tv: 


r ~ff 
== r-f A V 2 

' J ‘ffi ^ m 

The model is made the same form as the ship and, therefore, 
represents the ship to a given scale. Let n be the ratio between 
the linear dimensions of the ship and model. 

Then, A, = A ^ 

The speed of the model should be — p= Vs, in order to compare 

Vn 

with that of the ship. This is known as the corresponding 
speed.* 

Or, F. = Vi F„ 

As the wave resistance is in proportion to the area and to 
the velocity squared, 

R~Rf^(VsVAs nV\n^A„ 

r-r, If,, 


( 1 ) 


Rr fsAsV\ fsn^A^nV\ 
i5Ut, r ~~ -f 4 F2 “ ^ ^ V2 

'/ ^ m Jm-^m ^ m 

J m 

'Substituting in Equation (1), 

/)r3 _ /jjS 

7. 

7. 


R-ff— {r - r^) 


Then, R ~ n^]r + ?> 


fm 


‘)! 


( 2 ) 


If the surface of the model is the same as that of the ship, 
fs = fm' Equation (2) then becomes 
R = nh 

* For explanation of this see Art. 127 
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With ships of similar form and of the same surface, and 
using notation of Art. 55, 

total resistance = frictional resistance + wave resistance 
= f'L^ V^ + cL^ F2 

where c is a coefficient depending on the form and L is the 
Hnear dimension. 

Then, total resistance = 

resistance X F 
Horse-power = 

where resistance is in pounds and velocity in feet per second. 

Then, horse-power = 

= IcL^V^ 

where ^ is a constant for the t 3 rpe of ship considered. 

The same laws will hold for any other fluid ; this will be seen 
from the curve in Fig. 53. This curve was plotted from the 
maximum speed and maximum horse-power of nine rigid air- 
ships, covered mth the same material and of almost similar 
form. There was a considerable variation in their sizes. 
As the horse-power equals JcL^V^, a straight line passing 
through the origin should be obtained if the horse-power 
is plotted against F^. The slope of this line gives the 
constant Jc. This has been done in Fig. 53 ; it will be noticed 
that the points he approximately on a straight hne, thus 
proving the above laws to hold. 

Example. 

Show how the total resistance and the power required for propulsion of a 
ship can be deduced from experiments on a scale model. Determine the 
indicated horse-power to drive a ship 300 ft. long, having 13,500 sq. ft, wetted 
surface, at 20 Imots, if the resistance of the model, one-sixteenth the size of 
the ship, is 20 lb. at the corresponding speed. Talce / for the ship as '0091, 
and for the model *0094, and assume that 60 per cent of the I.h.p. is available 
for propulsion. [1 knot = 1*69 ft. per sec.] (London Univ., 1919.) 

Area of wetted surface of model = 

( 16)2 

Corresponding speed of model = ^ knots 
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Assuming the units of f are in pounds per square foot per 
second, 

Frictional resistance of model = rf=f^A^ 


13,500 

= .0094 x-^X 


20 X 1-69 
4 


= 35-4 lb. 



Fig. 53 


Assuming the given resistance of model means the wave 
resistance, and using Equation (2), 

r = 20 + 35-4 = 55*4 lb. 


Total resistance of sliip 




222,5001b, 



m 


HYDRAULICS 


Horse-power 


BY m 
' 650 ^ W 


222,500 X 20 X 1-69 X 100 
660 X 60 

= 22,800 

57. Friction of Revolving Disc. Fronde’s experiments gave 
the true coefficient of friction only o.> 

when very long boards were used. 

Professor Unwin overcame this 
difficulty by revolving a disc at a / 
known speed in the liquid and / \ 

obtained the coefficient of friction / jy \ 

of the disc’s surface by measuring f x \ 

the work done. 1 1 I 

Consider the disc in Fig. 64. \ JJ I 

Let CO = angular velocity of / 

disc in radians per second \ 

r = radius of disc 
and II — coefficient of friction 
at unit velocity* 

Then, frictional force = /< X area X (velocity 
Consider a thin ring of the disc of a radius x and let thickness 
of ring be dx. 

Area of ring (both sides) == ^rrxdx 

Tangential velocity of ring —cox 

Frictional resistance of ring ~ /j, x 4 o7t xdx X ooV 

Moment of resistance about ) o o , 

centre \ = 4af a? dx X x 


Total moment of disc 


47r ^ co^ 


= ~7T 1^0)^ 

Work done per second — Moment X angle turned 

through 

^ 3 5 

— ^TTUorr^ 

D ^ 

* Actually ( a , will vary with the temperature and velocity ; see Chapter XII 
on Viscous Flow 
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If the frictional resistance is assumed to vary with (velocity 
this expression becomes 

4:7T U, 0)^^ ^ + 3 

Work done per second — — 

58. Friction in Pipes— Hydraulic Gradient. Fluids flowing 
through pipes are subjected to a frictional resistance depending 
on the velocity, the area of the wetted surface, and the nature 
of the surface. In long pipes the frictional resistance is so 
large that all other resistances are rendered insignificant in 
comparison, and the total energy of the fluid is absorbed in 
overcoming it. The energy lost in overcoming the frictional 
resistance is expressed in feet of water and is known as the 
head lost in friction. 



Consider water to flow through a long pipe from a reservoir A 
into a reservoir B (Fig. 55). Take the hne xx through the 
water level in B as the datum line. Let H be the height of 
water in A above datum, and let I be the length of the pipe. 
If p is the intensity of pressure of the water at any section of 

P 

the pipe, the pressure energy at that section will be — . 

Supposing the pressure energy of the water at all sections of 
the pipe are plotted as vertical ordinates, using the centre 
line of the pipe as a base line, a straight sloping line a b will be 
obtained. This line falls off uniformly from A, as there is a 
uniform loss of head due to friction as the water flows along 
the pipe. This line is called the hydraulic gradient, and its 
slope is equal to the total loss of head divided by length of 
pipe. 

In practice the slope is small, so that either the sine or the 
tangent may be used as the slope of the hydraulic gradient. 
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Let i = slope of pressure energy line ab 
and h = total head lost 

Then, slope of hydraulic gradient = ^ and is loiowii as 
the vertical slope 

It will he noticed that if the pipe is uniform and if the 
whole of the available head is lost in friction, the slope of the 
hydraulic • gradient will be the difference of level of water 
surfaces divided by length of pipe. 

Nest consider the pipe line shown in Fig. 55a. A and B are 
two reservoirs separated by a hill ; a uniform pipe is laid over the 



hiU so that water from A may flow into B. Fig. 55a is drawn 
to greatly enlarged vertical scale ; actually, the length of the 
pipe may be taken as the length of its horizontal projection. 
As the pipe is long, the loss of head due to friction will be very 
large and all other losses may be neglected ; hence, taking 
the water level at B as datum, the water will lose energy at 
a uniform rate from the water level in A to the water level in 
B. From this it follows that the hydraulic gradient will be 
a straight line joining the water surface in A and B. 

The pressure energy at any section of the pipe will be repre- 
sented by the vertical distance between the hydraulic gradient 
and the pipe centre line at that section. If the hydraulic 
gradient is above the centre line of pipe the pressure is above 
atmospheric ; if below the centre line of pipe the pressure is 
below atmospheric. 
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It will be seen from 55a that at 0 and D the water pressure 
is atmospheric, whilst between 0 and D it is less than atmo- 
spheric. The highest point of the pipe abowe the hydraulic 
gradient is E ; at this point the water pressure is least. If the 
absolute pressure at E is less than 8 ft. of water, or 26 ft. 
vacuum, separation will occur, for at this pressure the water 
commences to vaporize, large bubbles of gas will occur causing 
the flow to cease. It follows from this that engineers 
must lay theii* pipe lines so that no section of the pipe will 



be more than 26 ft. above the hydraulic gradient at that 
section. 

A pipe which rises above its hydraulic gradient is known as 
a syphon. It will be noticed from Fig. 55a that a pipe may be 
above the hydraulic gradient and yet be below the water 
surface at A ; such a pipe would still be a sj^hon. 

Consider next the short pipe line shown in Fig. 56. Let 
the water flow from A to ^ along a pipe of varying section 
abed. At an}’' section of the pipe the total energy. of the 
water will be the datum head + the velocity head + the 
pressure head. Choose any horizontal line as the datum line, 
and starting from the water level in A, mark off the losses of 
head in the pipe from aU sources, to the same vertical scale as 
the figure. The line thus obtained is the total energy line, 
and is shown dotted. The height of this line above the datum 
line, at any section, will give the total energy of the water at 
that section. 
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Let Vi — velocity of flow in a b 
11 ^ = velocity of flow in 6 c 
Vg = velocity of flow in c d. 

The following are the losses to be taken into account— 
At a, a loss due to entrance to pipe — ^ . 

Between a and h a uniform loss due to friction 


2gd 

vJ 

At A a loss due to sudden contraction ~ *5 

2g 

Between b and e, a uniform loss due to friction. 

At c, a loss due to sudden enlargement = - - 

Between c and d, a uniform loss due to friction. 

At d, a loss due to velocity head being destroyed = 


(An. 59) 




The sum of all these losses will equal the difference of level 
between the water surfaces m A and B. 

As the height of the hydraulic gradient above the centre line 
of pipe represents the pressure head of the water, it follows 
that if the velocity head is deducted from the total energy 
line the hydraulic gradient will be obtained. For, 

pressure head above ) _ total energy above datum - 
centre line of pipe ) ” velocity head. 


Velocity head between a and b 


vl 


Velocity head between b and c 




Velocity head between c and d — ^ 

2g 

These amounts have been subtracted from the total energy 
line of Fig. 56 and the fuU line representing the hydraulic 
gradient is obtained. 
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It will be noticed that if the diameter of the pipe 6 c is much 
smaller than that of c d, the velocity will be large compared 
with ^^ 3 ; hence the hydraulic gradient of the pipe c d may be 
higher than that of b c. 

59. Loss of Head Due to Friction in Pipes. A rational for- 
mula for the loss of head in a pipe due to friction may be 
obtained by assuming the experimental results of fluid friction 
to hold. 

Consider water flowing along a uniform horizontal pipe, of 
cross-sectional area A, with a velocity v. Let I be the length 
of the pipe and let the intensity of pressure be reduced by the 
frictional resistance from to over the length 1. 

Let /' = frictional resistance per unit area at unit velocity 
P = wetted perimeter of pipe 

Resolving horizontally, 

PiA = _p 2 A + frictional resistance 

But, frictional resistance = /' x area X 
= f PI 

Therefore, {pi-p^) A = f PI 

Dividing through by the density of water w, 

w w A w 

Let hf = head lost due to friction 

w w 
P 7?;” 

Then, — 

’ ^ A w 

A 

The ratio p is called the hydraulic mean depth and is 
represented by m. 

Then, hf A— 

mw 


(i) 
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Assuming n = 2, 


and as i = 


h 

i ’ 


m w 


Or, V ~ G Vmi • • • • • • (2) 

where C — 

This form is known as the Chezy formula, the constant G 
being found experimentally. 

Another useful form of this formula is obtained by expressing 
the head lost in terms of the velocity head. 

For a pipe flowing full. 



4^^ 


d 

Trd 4 

Substituting this in Equation (1), and assuming n — 2, 

h 

fw 
'■2g’ 


m =p = - 


wd 


Putting 


d2g 


(3) 


where /is a constant found experimentally.* 

This modified form of the Chezy formula is usually used for 
pipes running full, as it is convenient to have the frictional 
head lost in terms of the velocity head. 

Darcy found that the coefficient / of Equation (3) varied 
with the surface of the pipe and with the diameter, and gives 
the following formula for / — 

For new pipes, 


/ = -005 1 + 


For old pipes, 


I2dj 


/ = -01 1 + 


12 d^ 

where d is the diameter of the pipe. 

* Actually / varies witli the temperature, velocity, and diameter of pipe ; 
see Chapter XII on Viscous Flow. 
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In using Equation (3), care should be taken that ail the 
dimensions are in feet and seconds units. 

Although Equation (3) is used by all engineers for calcula- 
tions on pipe flow, the results obtained can only be very 
approximate. As / varies greatly with the temperature it 
follows that there will be a large variation in the flow during 
the year, a greater flow being obtained in summer.* 

Example. 


Water flows through a pipe, 8 in. diameter, 150 ft. long, with a velocity 
of 8 ft. per sec. Find the head lost in friction — (a) using the formula 

= _ 

assuming/ to be *0056 ; (6) using the formula i; = G Vmi, assuming C ■ 106, 

4 X -0056 X 150 X 8^ 


{a) 


(b) 


h, =■ 


12 


X 64-4 


= 5-0 ft. of water. 

= j for a circular pipe running full 

-h 

“ i 


V = 106 Ax — 

4 ^ 150 


Then, 

Squaring both sides, 

82 = 11,200 X 


8 hf 

12 X 4 ^ 1^ 


Therefore, hf — 


12 X 4 X 64 X 150 
8 X 11,200 
5*15 ft. of water. 


60. Reynolds’ Experiments on Flow Through Pipes. 

Reynoldsf measured the loss of head in a pipe by measuring 
the f aU of pressure over a known length of the pipe ; from this 
“ip the slope of the hydraulic gradient, was obtained. For, 



* For results of experiments on pipe flow made by Darcy and others, see 
Barnes’ Hydraulic Flow Reviewed, 

f For complete account of Reynolds’ experiments, see Phil. Trans., 1883. 
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measuring the discharge over a known time . then 
discharge per sec. 


TWs was reneated tor several velocities, and the resuhs were 

then plotted as shown in tig. 67, ^^tXe^ 

senting v and the ordinate representing The grapii ootamea 



Fig. ,66a 


was found to be a straight line up to a certain velocity, beyon 

this velocity the graph was curved. , ,, , 

The graph is evidently following a law of the type 
i^]cY^ 


where h and ti are constants, 
of the graph, n equals unity, 
portion of the graph can be 
log V. 


For the straight line portion 
The value of n for the curved 
found by plotting log i and 


For, i = 1c v'^ 

Then, log i = log A; + log ?; 
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hen v ~ log v = 0, then log i = log h, from which the 
value of Jc can be found. 

Also, from Equation (1), w = ~ ^ 

These logs are shown 
plotted in Eig. 58. For the 
portion of the graph over 
which 71 is unity the straight 
line AB was obtained ; the re- N/ 

maining portion of the graph ^ / 

gave the straight line CD. / 

The line BO, which joins the , y/^Critical Velocili} 

other t’wo lines, follows no AX 
defined law and is due to ^ 
the changing from one type _ 1/ 
of flow to the other. I v 

It follows from this graph 
that the flow of the water consists of two types — 

(1) a steady or stream line flow up to the point B ; 

D 


C 


E 


A Log V 

Fig. 58 

(2) an unsteady or eddy flow for the higher velocities beyond 
B. This is sometimes known as a turbulent flow. 

The point B, at which point the change from steady to turbulent 
flow takes place, is known as the critical velocity. 

&— ( 5167 ) 
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After the highest velocity had been reached the experiment 
was continued by gradually reducing the velocities and again 
measurmg the loss of head ; the points on the curve then 
retraced the line DC. On reaching C the points continued in 
the same straight line to E, and finally retraced the hne EA, 
Hence, the path EEC was only followed when the velocities 



were increasing. Reynolds concluded from this that the path 
EEC was due to the inertia of the water in changiug from 
steady flow to turbulent flow and that the point E is the true 
critical velocity. The point E is known as the lower critical 
velocity, and is assumed to be the true critical velocity. 

Reynolds repeated these experiments with pipes of difierent 
diameters and with water at different temperatures. From 
these results he found that the value of the critical velocity 
varies inversely with the diameter of the pipe and inversely 
with the temperature of the water. 

These results hold for all other hquids ; the value of the 
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critical velocity of any liquid vdll also depend on the density 
of the liquid and on its viscosity.* 

In all practical engineering problems it is found that the 
velocities used are all above the critical velocity ; and in aH 
large pipes, such as used in practice, the suffix “ ’’ approxi- 

mates to 2 which agrees with the practical friction formula 
given in Art. 59. 

Example. 

An experiment was carried out on an 8 in. diameter wrought iron pipe over 
a length of 8 ft. The velocity of flow through the pipe was varied and the 
loss of head for each velocity was measured. The following values of i were 
obtained— 


V (ft. per sec.) 

. 4*7 6*5 8*72 10*6 

12*8 1 

14*6 

i , . . 

•0134 *0250 *0425 *0629 *0975 j 

•1171 

Find the values of h and n in the formula i — hv^ 



First plot log 

i and log v. 



logv . 

•672 -813 *941 1*025 

M07 

1*164 

logi . 

-1*873 -1*602 -1*371 -1*201 

-1*013 

-*931 


These are shown plotted in Eig. 59. 
When log v — 0, log Jc = log i 


= -3*19 
= 4-81 

Therefore, Jc = *000645 

log log ^ 

72 , = — — - 

logv 

~ 2*6+ 3*19 
“ ^302 

= 1*955 

Then, i = *000645 2;i*955 

61. Determination of Critical Velocity. Besides the method 
given in Art. 60 there are two other methods of obtaining the 
critical velocity of water. 

(a) CoLOXJE Bands (Reynolds’ Method). The critical 
velocity may be determined by allowing water to flow through 
a glass tube and injecting a thin stream of coloured liquid into 
the centre of the stream (Fig. 60). As long as the velocity in 
* See Chapter XII on Viscous Plow. 
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the glass tube is below tbe critical velocity, the colour band will 
remain a thin straight line flowing along the centre of the stream. 
But for velocities above the critical velocity, the coloured band 
is broken up by eddies and mixes with the water, as in Fig. 61. 

. (d) Change oe Tempeeatijre. Barnes and Coker*'* deter- 
mined the critical velocity by measuring the temperature 
of the stream for various 
velocities. As the frictional 
resistance below the critical 
velocity is proportional to v 
and, above the critical velocity, 
to it follows that more 
heat will be generated above 
the critical velocity. If the 
temperature of the water is 
plotted on a base representing the velocity, the curve will 
become much steeper beyond the critical velocity, as shown in 
Fig. 62. The critical velocity will 
be represented by the kink in the 
curve. 

62. Distribution of Velocity in 
a Pipe. The velocity of water 
flowing along a pipe wiU vary at different points of the cross 



Fig. 61 



section, its magnitude depending on the radius. The velocity 
of flow at any radius 
may be measured with 
a Pitot tube. It is 

found that the velocity ^ / 

is a maximum at the S / 

centre and a minimum p / 

at the circumference. ^ / 

The variation is shown g- / 

in the curve of Fig. 63, ^ ^^Criiical VelocUy 

the velocity being ^ 

plotted horizontally on 

the diameter of the 

pipe as a base. n 


It is found that the 


Fig. 62 


maximum velocity is about 1-2 times the mean velocity 

63. How thioi^h Long Kpes. The vkocity of water flow- 
ing through a pipe may be found by applying Bernoulli’s 
* 'Proceedings of {he Royal Society, voJ. 74, 
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equation to the two ends of the pipe and allowing for any loss 
of head in the pipe. Jii all such prohiems the most convenient 
formula for the frictional head lost is 


h, 


4:flv^ 

~dW 


as it is necessary to express all unknown terms as a function 


of the velocity head. 


Suppose water flows from a reservoir A (Fig. 64) under a 


constant head H^ into 
a reservoir B in which 
there is a constant 
head of H^. Let the 
height of centre of 
pipe at A be Z^, and 
at B be Z;^. Let v be 
the velocity of flow 
through the pipe, I be 



the length, and d the 


diameter. 


Fio. 63 



Fig. 64 


Applying Bernoulli’s equation to points just beyond each 
end of the pipe, 

The term — will be lost on entering B. 
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It will be noticed that {H^ + ZJ - + ZJ is the 

difference in level of the water surfaces in A and B ; hence, 

difference in level ) / 4f 1 \ 

of water surfaces ) / 

From this equation the unknown velocity may be obtained. 
If the pipe is long, the head lost in friction will be very large 
compared with the head lost at the two ends of the pipe ; 
in which case the latter may be neglected. 

If the pipe in Fig. 64, instead of discharging into the 






H 



d, 

K — 




— ' 


Fig. 65 


reservoir B, discharged into the atmosphere, the equation 
would then be 


+ = 


2g ^ d 2g^2g 


the last term being the velocity head of the discharging water. 
This may be written 



4flW^ 

d h 


where H is the height of water level in A above outlet of 
pipe. 

Suppose water flows from a tank through a pipe of which 
the diameter is varied as in Fig. 65. 

As quantity of water flowing per second is constant, 


- di^ — V2 . 


then, 



v. = V, 
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4 / L Vi^ 

Head lost in friction in large pipe = ^ 

cii ig 


Head lost in friction in small pipe = 


Total head lost in friction 


d i 2g 


di2g 


d.Y 


■if 


'li. 


+ ■ 


d^] ^9 


x4pplying Bernoulli’s equation to points just outside each 
end of pipe, 

H = + ^ + head lost in friction +head lost at contraction 

ig ig 




ig 


K- + 


1 * 5'Vn 




29 




di 


-L -1 -A 

da j 2g 


From this equation, the velocity Vz may be found. If the 
pipe is long, the velocity head, the head lost at entrance, and 
the head lost at the sudden contraction may be neglected as 
small. 


Example 1. 

A cast-iron pipe, 6 in. diameter and 1,500 ft. long, connects two reservoirs. 
If the difference of water level in the two reservoirs is 06 ft., ind the discharge 
through the pipe ; / = -01. Ignore all losses other than friction. 


Total head = velocity head + head lost in friction 


, 4/Zt;2 

96 = — + 

2g d 2g 


96 


4 X -01 X 1500\ 


' 644 


1 +- 


•5 
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644 X 96 


v =z 7*15 ft. per sec. 

Discharge = j (-5)2 X 7*15 =14 cu. ft. per sec. 

Example 2. 

Two reservoirs are connected by a straight pipe 1 mile long. For the first 
half of its length the pipe is 6 in. diameter ; its diameter is then suddenly 
reduced to 3 in. The surface of the water in the upper reservoir is 100 ft. 
above that in the lower. Tabulate the losses of head which occur, including 
that at the sharp-edged entry, and determine the flow in gallons per minute. 
Assume / == -01. (London Univ., 1912.) 

Let = velocity in 6 in. pipe 

And V 2 == velocity in 3 in. pipe 
As quantity of flow is the same in both pipes, 

v^ = T(■25)^v, 


=4 


Head lost at entrance =- 


•= -03125. 


4: f1 V ^ 

Head lost in 6 in, pipe due to friction = 


4 X *01 X 2640 X 
■ *5 X 16 X 2g 


Head lost at sudden contraction 


Head lost in 3 in. pipe due to friction = 


^9 

2g 

4 X -01 X 2640 V2^ 
-25 X 2g 


Head lost at exit 
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Total head lost = ^ (-03125 + 13-2 + -5 + 422 + 1) 


Then, 


= 436-73125 

= 100 ft 
. 64-4 X 100 


2q 


436-73125 
3-835 ft. per sec. 


14-73 


Discharge = j-(-25)2 x 3-835 X 60 X 6-24 
= 705 gallons per minute 


Example 3. 

The difference of surface level in two reservoirs connected by a syphon is 
25 ft. The length of the syphon is 2,000 ft . ; its diameter is 12 in. ; and 
/ — *01. If the barometric height is 34 ft. and if air is liberated from solution 
when the absolute pressure is less than 4 ft. of water, what will be the 
maximum length of inlet leg of the syphon to run full, if the vertex is 18 ft. 
above the surface level in the upper reservoir ? \Miafc will then be the 
discharge ? (London Univ., 1925.) 


The problem is represented by Fig. 55a; E being 18ft, 
above the water level in A. 


Let I — length of pipe between A and E. 


First find the velocity of water in the pipe by applying 
Bernoulli’s equation to points A and B, taking the water level 
in B as datum. 


Then, 


25 = - + 


4/2000 

2gd 


/ 4 X -01 X 2000\ 

" 2^1 1 J 

From which; v = 4-45 ft. per sec. 

Next apply Bernoulli’s equation to points A and E, taking 
the water level in A as datum. The limiting condition for 
the pipe to run full is when the absolute pressure at F is 4 ft. 
of water. 
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Take into account the atmospheric pressure at A, 
Total energy at A = total energy at E 

Hence, 


Or, 


From which, 
Discharge 


34: 
12 = 


4: f I 

18 + - X ~~r + ^ 
2g 2gcl 


1 + 




^9 \ 


ilh 

d 1 


1 + 


4 X *01 I 
1 


I = 947 ft. 

= area of pipe X velocity 


= ^ X 1 X 4-45 
= 3-49 cu. ft. per sec. 


64. Parallel Plow through Pipes. Suppose water to be 
flowing along a pipe which, at a certain point, divides into 
two branches as in Fig. 66, Then, any particle of water will 
flow along the route ABD or the route ABC. 


^2 



Then, head causing flow along route ABD = - head 

lost in friction. 


And, head causing flow along route ABC ~ H^ - head 
lost in friction. 

Let di and Vi refer to pipe AB 
? 2 , ^ud refer to pipe BD 
and Zg, dg and refer to pipe BC 
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Then, for route ABD, 

rr ri 

d^ig d,2g 2g 
And, for route ABC, 

jj _ Tj h ^ 3 ^ '^ 3 ^ 

^ ' c^i 2g ~ 2g 


( 1 ) 

( 2 ) 


Usually, the velocity heads given on the right of these 
equations are very small and may be written as zero. 

Also, quantity flowing per second through AB equals sum 
of quantities through BD and BC. 

Then, d^ + v^d^^ . . . . (3) 

From Equations (1), (2), and (3) the three unknowns 
and ^3 may be obtained. 


Example. 

Two pipes A and B, each 6 in. diameter, branch from a point 0 to a 
point D, which is 20 ft. below G. Pipe A is 300 yds. long and pipe B is 
500 yds. long. Water is supplied at G under a head of 100 ft. A short pipe 
3 in. diameter is fitted at D. Find the delivery when this pipe is fully open 
to the atmosphere. Take v = 80 V mi for pipes A and B. (Lond, XJniv., 
1917.) 


Let v^, and v be velocities in pipes A, B, and 3 in. pipe 
respectively. 

Total head = 100 + 20 = 120 ft. 

Consider pipe A, 


m = 


d 

4 


•5 

4 


8 



Then, 
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Consider pipe B. 

= 80 



Then, A, = 1-875 V 

As pressure at C and D is the same in both pipes, 


+ 1-125 w/ = ^ + 1-876 


from which, 
Consider route B, 


^9 
= 1-285 


( 1 ) 


Total head = ^ + frictional head lost in B 
^9 


Or, 120 — + 1-875 . • - • (2) 

Also, quantity flowing through 3 in. pipe equals sum of 
quantities through A and B. 

That is, I (•25)2 ^ ^ (. 5)2 

Substituting from Equation (1), 

^ = 4(1-285^3 + t;B) = 9-14 
Substituting in Equation 2, 

f V \2 

120=644+1'«’H9T4) 

from -which, v = 66-2 ft. per sec. 


Discharge = j (-25)^ X 66-2 = 2-76 cu. ft. per sec. 

66. Tima of Emptying Tank through Pipe. Let a reservoir 
or tank be emptied by means of a long pipe of length I and 
diameter d. Let the area of water surface in the reservoir 
be A, and the height of the water level above the outlet of 
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pipe be ^ift. Let v bo the velocity of flow in the pipe. 
It is required to find the time taken to lower the water level 
in the reservoir from Hi ft. to H^ ft. above the outlet of pipe. 
Ignore aU losses but friction. 

Head lost in friction in pipe = 

Consider the instant when the water level is hit. above the 
outlet of pipe and let the water level fall by a small amount 
dh in the time dt. 

Then, quantity flovdng from reservoir equals quantity 
passing along pipe. 


Or, 

11 

• . (1) 

But, 

4:flv^ 

*" 29 -+ d2g 



Trom which, v = 



Substituting this value of v in Equation (1), 

; dt 


Therefore, 


Total time 


77 V2gh 


dt — 




7'+- 


/: 


rd^ V2g 


tn 

d 


y ^ f _i 

77 '\/2g I h dh 

“V' + x 


{H,^- H*) 


( 2 ) 
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Example. 

Two tanks, the bottom of which are on the same level, are connected with 
one another by a horizontal pipe 3 in. diameter, 1,000 ft. long, and bell 
mouthed at each end. One tank is of size 20 by 20_^ft. and contains water to 
a depth of 20 ft., the other tank is of size 15 by 15 ft. and holds water to a 
depth of 10 ft. 

If the tanks are put in communication with one another by means of the 
pipe (which is full of water), how long will it be before the water level in the 
larger tank falls from a height of 19 ft. to 17 ft. ? Assume/ = -01. (London 
Univ., 1915.) 

This question is shown diagrammatically in Fig. 67. 


A, 




L 

— 

dH 

h 


f 






Fig. 67 


Let A I and ^2 areas of the large and small tanks 

respectively. 

Let h = difference of water level in tanks at any instant. 
Let water level in Jli fall by amount dH in time dt. 

A 

Then, level in small tank rises by dH — . Let dh be difference 
in head causing flow due to this change. 


Then, 


dh dH + dH 


^2 



( 1 ) 


Le^ a, V, d, and I be the area, velocity, diameter, and length 
of pipe respectively. 

As quantity flowing from large tank equals quantity flowing 
along pipe, 

AidH = avdt . . . . (2) 


But, 


~2g'^~d2f 





( 3 ) 
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Substituting Equations (1) and (3) in (2), 


I -9 ^ 7 

^ V+~r) 




Therefore, 


Integrating between the limits of and 






In this question, = 20 X 20 = 400 sq. ft. 

A 2 — 15 X 15 = 225 sq. ft. 

® ^rfr) = -0491 sq.ft. 


/ 400 \ 

H, = 19-^10 +^j = 7-22 ft. 


3 X 400 
225 


= 1-66 ft. 


Substituting these values in Equation (4) 


2 X 400 J 1 


4 X -01 X 1000 


(7'22^-l-66*) 


, , 400\ , 

1 +SKi -0491 VU4 


= 13,150 sec. 

= 219 minutes. 

66. Flow of Gases through Pipes, The frictional resistance 
of gas flowing along a pipe may be found from the same 
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T ■ Jcr The head causing flow must be 
frictional formula is sloping the shght difierence of 

in feet of gas and if P P ^ ^ f altitude must be taken 

atmospheric pressure due to cnang 

into account. sloning uniform pipe length of I 

Let gas be flowing up a sloping 

and diameter d. 

Then, head lost in friction = 

Let « = weight of 1 on. ft. of water 

„,^= weight of icu. ft. of gas 
and = weight of leu. ft. of air 

Let n. be height of upper end of pipe above lower end 

Then, atmospheric re^sme^o^ gas at lower end 

greater than at upper end j, l of gas. 

=» ft, of air - h ft. of gas. 

s— a. «' •«''>” ““■P'”” *“ 

with a U-tube containing water. 

Let = P" 

y, = pressure of gas at higher end in feet of water. 
Then, head causing flow due to difference of pressure 
= (i/i- 1 / 2 ) feet of water 
U) 

w 

Total head causing flow = - ^1 + (2/i“ ^ 

w 4:flv^ (1 

Then, (2/1 d 2 p + 2g 
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If the gas is flowing down the pipe will be negative. 
If the pipe is horizontal = 0, 

Equation (1) then becomes 

V ^ 




4: f I 

d2g 2g 


( 2 ) 


Unwin found the coefflcient of friction / to be equal to 
•0044 f 1 + for coal gas. 


Exaimple. 

Gas is supplied from a holder at a gauge pressure of 4 in. of water to a pipe 
6 in. diameter, 300 ft. long, which rises to and discharges at a height of 
50 ft, above the level of the outlet of the holder. The pressure at the pipe 
outlet must be not less than 1 in. of water by gauge. Find the delivery in 
cubic feet per hour. Take the weights of the gas and air as *045 and -08 lb. 
per cu. ft. respectively and the coefficient of friction as ’008. (London 
Univ., 1912.) 


x4.pplying Equation (1), 
•08 




62-4 v'^ 

50 +(-33S-.0834)— = - 


1 + 


4X-008X300\ 
•5 ) 


88-9 - 50 + 346-5 = — (1 + 19*2) 
Erom which, v = 35 ft. per sec. 


Delivery = j (*5)^ X 35 X 3600 == 24,750 cu. ft. per hour. 

67. Transmission of Power through Pipes. If power is 
transmitted through a considerable distance by means of water 
under pressure, the power supplied wiU be in proportion to the 
quantity of water per second passing through the pipe, and to 
the total head of the water. As the water flows along the 
pipe it mil be subjected to a loss of head due to friction. It 
can be shown that the maximum power is transmitted by 
a pipe when the frictional loss of head is one-third of the 
total head supplied. 

Let H = total head supplied at entrance to pipe 
hf — head lost due to friction 

10— (5167) 
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aud let V, d, and I be the velocity of flow through pipe, the 
diameter of pipe, and length of pipe respectively. 

Then, d2g 

Total head available at outlet of pipe = H-hf 

_ 

dig 


WTrd^Vi „ 

Available horse-power = ■ ■ 1 ^ 




as w- 


Prom which, H.P 


4 560 V“ d 2g 
weight of water floivnig per second. 
W7Td^ f„ 

2? 


Hv-- 


"4 X 550' 

Tliis vdll be a maximum when the amount inside the bracket 
is a maximum. Difierentiating this with respect to « and 
equating to zero for a maxiinuin, 


d.{H.P) 


= iJ-3 




= 0 


dv ^ d2g 

Or, H-^hf = 0 

Therefore, H = 

That is the horse-power transmitted is a maximum when 
the head ’lost in friction is one-third of total head supphed. 
Tor any pipe line transmitting power, 

H-hf 

efficiency of transmission = — g 

Power is transmitted through water pipes for working 
hydraulic machines. The supply of water under pressrae for 
power purposes was being developed in large cities durmg the 
latter half of the nineteenth century ; but the commerciahzmg 
of electricity has mainly displaced this method of power 
transmission. 

Example. 

A hydraulic machine is supplied with water f 3 

3 000 ft long. The brake horse-power of the hydraulic machine is 60, and 
& meckaS ekiency is 80 per cent, Gauges fitted to the ^upply^^^e 
show that the pressure at the power station end is 760 lb. per sq. . , 
thZie 680 lb. per sq. in,*^ H the coefficient of 

is -008, determine (1) the diameter of the supply pipe, (2) the velocity of flo . 
f London IJniv., 1917.) 
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Let a-, d, and v be area, diameter, and velocity of pipe 
respectively. 

Horse-power supplied by machine = 50 X ^ =62-5 


WH 

550 


624 a V 680 X 144 
550 ^ 624 


From which 
Then, 


av = *351 = ~d^v 
4 

d^v = 447 , 


Head lost in friction in pipe 


= (750-680)^ 

= 161‘8 ft. of water 


Therefore, 
From which, 


4:flv^ 
d 2g 

4 X *008 X 3000 
d X 644 



108-6 


Substituting for d from Equation (1), 

= 5280 

Then, v = 5-55 ft. per sec. 

Substituting this value of v in Equation (2), 


(1) 


( 2 ) 


68. Flow through Nozzles. A nozzle is a tapering mouth- 
piece which is fitted to the outlet end of a pipe for the purpose 
of converting the total head of the water into velocity head. 
They are used on the end of hose pipes and in some forms of 
turbines. As the pressure of the jet issuing from the nozzle is 
atmospheric, the whole of the energy will be kinetic. The loss 
of energy in the nozzle itself will be small compared with the 
frictional loss in the pipe to which the nozzle is fixed, and 
may, therefore, be neglected. 



148 


HYDBAVLIOS 


In Art. 67 it was proved that for the maximum power to 
be transmitted along the pipe, the loss of head in the pipe 
due to friction must be one-third of the total head supplied. 
In which case, the loss of head due to friction will, be one-half 
of the total head in the nozzle. By maldng use of this fact it 
is possible to obtain the ratio of the area of nozzle to area of 
supply pipe for maximum transmission of power. 

Consider the pipe and nozzle of Fig. 68. 


I 



Fig. 68 


Let I = length of supply pipe 
D = diameter of supply pipe 

V == velocity in supply pipe 

/ = coefficient of frictional resistance of supply pipe 
a = area of outlet end of nozzle 

V = velocity of jet issuing from nozzle 
For maximum transmission of power, 

head lost in friction in supply pipe = | total head supplied 

I velocity head at nozzle 

A r? T72 1 

Or, 


and 


4/ZF2_l 

Big - I ^ ig 


( 1 ) 


But, as quantity flowing through pipe equals quantity 
passing through nozzle, 

YA — va 


Therefore, 

From Equation (1), 


V 

V 

Sfl 
D ■ 


^A 
~ a 

72 


( 2 ) 


Substituting from Equation (2), 


8/Z 


Z) ” 

W I 

A 

m 

a ” 

V D 


Therefore, 


( 3 ) 
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This gives the ratio between the areas of nozzle and supply 
pipe for maximum transmission of power. 

^ Kinetic energy per second 
Horse-power of jet = 

tva vX'iP wa 
” 2g 550 ~ 2g 550 


If the jet were projected vertically upwards the height the 
^2 

water would reach — — 

2? 


If the area of the supply pipe and jet do not conform with 
Equation (3), the pipe will not be transmitting the maximum 
horse-po'wer possible. If such be the case, 

4:fLV^ 

head transmitted by pipe = H — 


where H is the head supplied at the source. 
Substituting from Equation (2) for F, 

4.fL 

head transmitted by pipe ~ H- 



2 


But, 


Hence, 


head transmitted = Kinetic energy at nozzle 
^2 

^2g'^ 


per lb. of water. 


H 


4:fL ^ 
2g D 


% 


From which, 


V 



2gH 

4:fLa^ 

DA^ 


Horse-power transmitted = horse-power of jet 
{wa v) 

"" 550 X 2g 

^ , . . Head transmitted 

Emciency of transmission = = __ 

Head supplied 
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Example 1. 

, „ , ^ j a 500 vd«!. long, 3 in. in diameter, is 

formula is used it must be proved. (London Umv., 191 .) 

Using Equation (3) let d be the diameter of nozzle, 

Ih.n, 


.067 ft. = -806 in. 


hf o 


H ^fLV^ 


That is, 


From which, 
Then, 


■" 3" 2gD 

100 4X-01X600 F'-^ 

"S” 64-4 Xi 

F = 4-72 ft. per sec. 

■» = 4-72 X 13-85 = 65-4 ft. per sec. 

, 62-4X (t X-0672) X65-43 

w a \A i 

550X2^““ 550X64*4 


= -171 


Example 2. 

A horizontal pipe, 6 in. internal diameter and 540 ft. long, conducts water 
from a reservoir. When the water level in the reservoir is 4 ft. above the 
axis of the pipe the discharge through the pipe is 29*7 cu. ft. per mm. It a 
nozzle tapering from 6 to 1| in. internal diameter were fitted to the ^d 
of the pipe, what would be the horse-power of the jet if the level of water in 
the reservoir were increased to 40 ft. above the axis of the pipe ? (London 
Univ., 1919.) 

In the first case, F = ■ = 2*52 ft. per sec. 

60 X J X i 

AW, 

2*522 / 4 X 540i;\ 

That is, 4 = (^1 -h — :g j 

From which, / = *00916 
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In the second case, 
and as 


That is, 

From which, 
and, 

Horse-power of jet 


P 4/^F2 
^ 2gD 


H 


_VA 
~~ a 


40 


2^ (U 

U 3 
“64-4(V2- 


^ D 


+ 


36 
■25 

y = 2-95 ft. per sec. 
V = 47-2 ft. per ec. 


2 4 X ‘00916 X 540 


w a 

^ 2g X 550 

62-4 X -785 X (i)^ X 47-23 
■“ ■ ^4 X 550 

= 2-27 


68a. Hammerblow in Pipes. If water is fiowmg along a 
long pipe and is suddenly brought to rest by the closing of a 
valve, or by any similar cause, there will be a sudden rise in 
pressure due to the momentum of the moving water being 
destroyed. This vill cause a pressure wave to be transmitted 
along the pipe which may set up noises knovm as knocking. 
The magnitude of this pressure will depend on the speed at 
which the valve is closed and on the length of the pipe. Knock- 
ing may often be heard in the w^ater pipes of ordinary dwelling- 
houses if the tap be turned oh quickly. 

This sudden rise in pressure in a pipe due to the stoppage of 
the flow is known as the hammerblow. 

Consider a long pipe of length “ Z ” ft. and of cross-sectional 
area a ” sq. ft. ; let water be flowing along the pipe with a 
velocity of v ft. per sec., and, due to the closing of a valve, let 
the w^ater be brought to rest in t secs. 


V 

Then, retardation of water = /= ™ ft. per sec.^ 

5 

Mass of moving column of water = 

As force = Mass X retardation, 

force on valve = X / lbs. 
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Intensity of pressure on valve 




force 

area 


= lb. per sq. in. 


Or, 




w I V 
~9i 


lb. per sq, in. 


From this equation the magnitude of the pressure wave can 
be found. 

This is the simple theory only ; actually the water would 
compress on account of its bulk elastic modulus, and the pipe 
would expand laterally on account of its modulus of elasticity ; 
these would both affect the problem, making it too complicated 
to be dealt with here,* 

The Dorman Wave Transmissionf for working hydraulic 
drills in mines is based on this principle. A blow from a 
piston is given to the water in a long pipe, which causes a 
pressure wave to travel the full length. At the other end of 
the pipe the pressure wave is made to work the drill. By 
this means, power is transmitted through a pipe containing 
water although the water itself does not flow. 


Example. 

A hydraulic pipe line is 2 miles long. The velocity of flow is 4f.s. A 
valve at the lower end is closed at such a rate as to produce uniform retarda- 
tion in the water column. Calculate the rise in pressure behind the valve 
if the latter is closed : («) in 20 secs. ; (b) in 1 sec, (A.M.Inst. C.E.,1926.) 

(a) Using the equation ; 


wlv 



62-4 X 2 X 5280 X 4 
32-'2 X 20 


( 6 ) 


= 4,100 lb. per sq. ft. 

62-4 X 2 X 5280 X 4 
“ 32-2 X 1 


= 82,000 lb. per sq. ft. 

* See Water Hammer in Hydraulic Pipe Lines (Gibson), 
t See Theory of Wave Transmission (Constantinesco) for mathematical 
treatment ; and article entitled “ Dorman Wave Transmission ” in Conquest, 
December, 1920, for description. 
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Examples 6. 

(1) Find the loss of head due to friction in a pipe, 1,000 ft. long and 6 in. 
diameter, when the quantity of water flowing is 600 gallons per min. / = *01. 

Ans . — 83 ft. of water. 

(2) Using the formula v = CV mi, find the loss of head due to friction in 
a circular pipe, 100 ft. long and 3 in. diameter, when the velocity of flow is 
6 ft. per sec. C = 100. 

Ans.— 5-76 ft 


(3) Draw curves showing the nature of the results obtained by Froude in 
regard to the surface friction of planes, of varying length and of different 
materials, moving through water. If / = *0035 and n = 1*83, find the horse- 
power required to overcome the skin resistance of a ship, wetted surface, 
24,000 sq. ft., when going at 18 knots. One knot = 1*69 ft. per sec. (London 
Univ., 1911.) 

Ans. — 2,420. 

(4) Assuming that R = f A to he the law of friction between a flow and 
a surface, find an expression for the work lost per second when a disc of 
radius r is rotated in water with a circumferential velocity v. 

If the disc is surrounded by a free vortex of double its diameter, compare 
the loss due to the friction of the vortex on the flat sides of the vortex chamber 
with the loss due to the friction on the above-mentioned disc. (London 
Univ., 1913.) 

Ans.— ^izfvh^i 32-1. 

0 

(5) The friction of a thin fiat brass plate when towed edgewise through 
water at a velocity of 10 ft. per sec. is equal to *21 lb. per sq. ft. of wetted 
surface, and the friction is found to vary as 7^-®. 

Find how many foot-pounds of energy per minute are absorbed by the skin 
friction of the two surfaces of a fiat circular disc, the external diameter of 
which is 24 in., and the internal diameter 12 in., if the disc makes 450 
revolutions per minute. (London Univ., 1916.) 

Ans. — 27,800 ft. lb. per min. 

(6) What do you understand by the expression “ critical ” velocity of flow 
in a pipe 7 

Describe experiments on the loss of head when water flows at known 
velocities through a horizontal pipe of constant cross section. 

What is the law when (a) the velocity is less than the “ critical ” ; (6) the 
velocity exceeds the “ critical ” ? (London Univ.) 

Ans . — (a) kvi (6) kv*^. 

(7) Obtain an expression for the head lost in a pipe due to a sudden 
enlargement of area. 

Comment on any assumption made. 

A pipe 2 in. diameter is 20 ft. long and the velocity of the water in the 
pipe is 8 ft. per sec, V^Tiat loss of head would be saved if the central 6 ft, 
length of pipe wore replaced by 3 in. diameter pipe, the changes of section 
being sudden. 

Take the frictional coejfflcient / = *01, and the coefficient of contraction *62. 
(London Univ., 1921.) 


Ans. — *62. 
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(8) Water is discharged from a reservoir through a pipe 1 ft. diameter for 
1 mile of its length, the pipe then suddenly enlarging to 2 ft. diameter for 
the second mile. 

There are two right-angled easy bends in each mile, and the difference of 
head between entrance and discharge ends of the pipe is 100 ft. Calculate 
the discharge in gallons per minute and all losses in the pipe if the coefficient 
of friction is *008. 

Draw the hydraulic gradient. (London TJniv., 1920.) 

Ans. — 1,780 gallons per minute, 

(9) Two reservoirs A and B discharge through circular pipes each 2 ft. 
in diameter and 1 mile long to a junction at D. From D the joint discharge 
is carried in a straight line ^vith the discharge pipe from A to a third reservoir 
C7 by a 3 ft. diameter pipe. The surface level at A is 50 ft., and that of B 
30 ft. above that of G. iTeglecting all losses other than pipe friction, find the 
discharge in gallons per minute from each reservoir. 

Coefficient of friction = ’0075. (London Dniv., 1920.) 

Ans. — 7,500 and 5,800 gallons per minute. 

(10) A high level reservoir feeds two low service reservoirs by means of a 
-isingle main 5 miles long, 30 in. diameter, laid at a slope of 10 ft. per mile. 
The main is then forked, and one branch, 2 miles long with a fall of 15 ft. per 
mile, serves one reservoir, whilst the other is served by a pipe 3 miles long 
with a fall of 1 2 ft. per mile. Calculate the diameters of these branch pipes 
so that each may deliver 4,000,000 gallons per day of 24 hours. Take/ = *006. 
(London Univ., 1919.) 

Ans. — 1-52 ft. and 1*6 ft. 

(11) A cylindrical tank 16 ft. diameter discharges through a pipe 300 ft. 
long and 9 in. diameter. Find the time taken to lower water level in tank 
from 9 ft. above centre of pipe to 4 ft. above centre. / = ’01. 

Ans. — 7*82 minutes. 

(12) Air initially at a pressure of 60 lb. per sq. in. absolute and a temperature 
of 16° C. flows through a 10 in. main which is 1 mile in length. Assuming 
that the coefficient of resistance to flow is ’0035, calculate the discharge in 
cubic feet per second, assuming that the pressure at the delivery end is to be 
maintained at 551b. per sq. in. absolute. (London Univ., 1917.) 

Ans. — 23‘3 cu. ft. per sec. 

(13) Air, initially at atmospheric pressure and 60° F., flows under a pressure 
difference of 10 in. of water through a 12 in. main 1,000 yds. long. Assuming 
that the coefficient of resistance to flow / is '004, determine the number of 
cubic feet of air delivered per second. (London Univ,, 1915.) 

Ans. — 24*2 cu. ft. per sec. 

(14) In a water-power scheme, the total head is 503 ft., and 1,760,000 
gallons of water are available per hour for utilization in an impulse turbine 
of the Pelton type. The proposed pipe line is 2 miles long. 

Determine the diameter of the pipe necessary in order that the efficiency 
of transmission should be 80 per cent, and also calculate the horse-power 
available. 

If the power is supplied to the Pelton wheel through two nozzles, determine 
their diameter. 

Neglect the losses at inlet to the pipe and at the nozzles. / = *0075. 
(London Univ., 1921.) 

Ans.^SAiU.; 3,550; -555 ft. 
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(15) In hydraulic transmission of power, state the losses which occur, and 
explain how they may be minimized. 100 h.p. is to be transmitted, the 
pressure at the inlet of the pipe being 1,000 lb. per sq. in. If the pressure 
drop per mile is to be 10 lb. per sq. in., and if / = *006, find the diameter of 
the pipe and the efficiency of transmission for 10 miles. (London Univ., 1913.) 

Ans . — ^Efficiency = 90 per cent ; *477 ft. 

(16) “What is meant by “ critical velocity ” in fluid motion ? State what 
factors in general have an effect on the value of this. (A.M.I. Mech. E., 1922.) 

(17) The resistance to the motion, in the direction of its plane, of a thin 
flat body through water is proportional to v^, and, at 10 ft. per see., is *5 lb. 
per sq. k. Determine the horse-power required to rotate at 1,200 r.p.m. a 
submerged disc 2 ft. in diameter. (A.M.I. Mech. E,, 1922.) 

Ana. — 45*4. 

(18) Determine the levels of the hydraulic gradient at the points B, C, 
and D of a pipe-line discharging 12 cu. ft. per see. The initial level of the 
gradient at A is 400 ft. above datum. A[5 is 24 in. diameter and 5,000 ft. 
long ; BO is IS in. diameter and 4,000 ft. long, and (7D is 20 in. diameter and 
3,000 ft. long. Short taper pipes are introduced at B and 0. / = *01. 
{A.M.I. Civil E., 1921.) 

377*4 ft. ; 300*7 ft. ; 266*5 ft. 

(19) Reservoir A at an elevation of 900 ft. supplies water to reservoirs B 
and 0 at levels respectively of 600 ft. and 500 ft. From A to D both supplies 
pass through a common pipe 12 in. diameter and 10 miles long ; the branch D 
to S is 9 in. diameter and 6 miles long, and that from D to (7 is 6 in. diameter 
and 5 miles long. How manv cubic feet per second will be delivered to B 
and ? / = *01. (A.M.I. Ci^ E., 1921.) 

Ans. — 1*00 cu. ft. per sec ; *7 cu. ft. per sec. 

(20) The reservoir from which a Pelton wheel is supplied has an elevation 
of 1,050 ft. The pipe line is 18 in. diameter and 9,660 ft. long ; it terminates 
at a level of 50 ft. m a nozzle which gives a jet with an effective diameter of 
3 in. Taking for the nozzle = *97, and for the pipe ,/ = *006, determine 
me horse-power of the jet. (A.M.I. Civil E., 1922.) 

Ans. — 970. 

(21) Two pipe linos of equal length (10,000 ft.) are laid in parallel betw^een 
two reservoirs whose difference of level is 50 ft. If their diameters are 
respectively 12 in. and 24 in., and if the frictional resistance is given by 

f I 

h = , what will be the total discharge ? Take / = *005. ( A.M. Inst. C.E. 

1926.) 

Ans. — 5-8 cu. ft. per sec. 

(22) A 6-in. pipe line 10,000 ft. long is supplied with water at 1,2001b per 

fl 

sq. in. pressure. The coefficient / in the formula h = - — ^ is 0*01. What 

m 

is the maximum rate, in horse-power, at which energy can be delivered at 
the outlet from the pipe line ? (A.M. Inst. C.E., 1926.) 


Ans . — 311 h.p. 
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(^>3) A thin flat disc enclosed in a casing containing water is to he used 

t-vlfof sSe show that its’friotional resistance per square foot is equal to 
« is the velochy in -°n^, fnech V' 

disc will be necessary if the engine develops oO b.h.p. ? (A.M.i. Meen. Jt., 

1926.) Ans. — 1-6 ft. 


(24) The loss o! head in a given pipe line is proportion^ to i;. 
following are corresponding experimental values of h and ot t 


The 


1- 5 

2 - 0 


4-5 

3-5 


8-0 

4-8 


12-0 

6-0 


What is the value of n ? (A.M.I. Mech. E., 1926.) 


Ans . — n == 1*97. 


(95) mat is meant by “ critical velocity ” in pipe flow ? Describe how 
you could determine, experimentally, the value of the lower critical velocity. 
(A.M. Inst. C.E., 1926.) 


(961 Two reservoirs whose surface levels differ by 100 ft. are connected 
by a pipr2 ft diameter and 10,000 ft. long. The pipe line crosses a ridge 
whose s^mit is 30 ft. above the level of, and 1,000 ft. distant from, the higher 
mservoT^ Eind the minimum depth below the ridge at which the pipe must 
be laid if the absolute pressure in the pipe is not fLlnd^n 

and calculate the discharge in cubic feet per second. {/ - 0075.) (London 

Umv., 1923.) gg 




CHAPTER VII 

FLOW THEOUGH OPEE- CHANNELS 

69, Open Channels. The term “ open channel ” applies to 
any passage through which water is flowing when the free 
surface of the water is in contact with the atmosphere. The 
water is then mider atmospheric pressure throughout. The 
channel may he covered in at the top or open ; if covered in, 
it must not be running full, otherwise the pressure might rise 
above or fall below atmospheric. A pipe which is not running 
fun may be classed as an open channel. An open channel 
may be of uniform cross section, as a canal, sewer, and aqueduct 
or it may be of an irregular cross section, such as a river. 

Water flowing through an open channel is subjected to a 
frictional resistance at the wetted surface of the channel which 
obeys the same laws as stated in the previous chapter. As the 
pressure throughout is atmospheric, the head causing flow will 
be due entirely to the slope of the channel. In channels of 
regular cross section the velocity of flow is constant ; therefore, 
the head due to the slope of channel may be assumed to be 
lost in overcoming the frictional resistance of the sides. 

The velocity of flow will vary at diflerent points of the cross- 
section of the channel, being smaller tow^ards the sides. All 
calculations on the flow through channels are based on the 
mean velocity of flow at any cross section. 

70. Formula for Flow in Open Channels. An equation for 
the flow of w^ater through an open channel may be deduced 
in a similar manner as for the flow in pipes. In an open 
channel the pressure is atmospheric and may, therefore, be 
neglected ; the head due to the slope of the pipe is assumed to 
be lost in friction. Hence the hydraulic gradient is equal to 
the slope of the channel if the latter is uniform. 

Let i ~ slope of channel 

A = area of cross section of channel 
P = wetted perimeter 
V = mean velocity of flow 
hf = head lost in friction 

f = coefficient of friction between water and sides 
of channel for unit velocity. 

167 
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Work done per second ill over- ^ ^ ^ 

B.I, potential .nets » - ”* -I- **•“ ““ 

Therefore, 


wAl vi 


Assuming n ■■ 

, A 

m tor- 


■P’ 


f Plv^ V 

P 

wi^f V-J 

2 and substituting the hydraulic mean depth 


wm 


Or, 


Iw 

'=Vr* 

= G Vmi 


( 1 ) 


where G=M and is a constant depending on the shape and 
surface of the channel, and is determined experimentally * 
the ohannel, as shorn m Chapter XH on Viscous mow. 



FLOW THROUGH OPEN CHANNELS 169 

Equation (1) is hiouii as the Chezy formula. It was 
deduced by him empiricaUy and is the same form as used for 
the flow through pipes.- 

From the results of experiments on the flow of water through 
channels j Bazin deduced, the foil owing formula for the value 
of C— 

0 ~ ^foot units, 



where ^ is a constant depending on the surface of the channel 
and has the following values — 

Clean smooth sides of wood, brick, stone, etc. Jc = -29 

Dirty sides of w^ood, brick, stone, etc. k ~ -5 

Sides of natural earth Jc = 2.35 

Example 1 . 

A trapezoidal channel, having sides of smooth stone, has a base of 6 ft 
and side s opes of 2 vertical to 1 horizontal. The depth of water in the 
ch^el IS 4 ft. Fmd the quantity of water flowing if the slope of the channel 
18 10 ft. per mile. 

The section of channel is showm in Fig. 70. 

Area of section = 32 sq. ft. 

Wetted perimeter = 6 + 2'\/4^ + 2^ 
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Using Bazin’s formula for G, 
157-5 


C = 




157-5 
“ .29 

^ V2II 


= 131-5 



Using the Chezy formula, 

V =: C V^i 

I ICT 

= 131-5^2-14 X ^ 

= 8-35 ft. per sec. 
Quantity = A X v 

= 32 X 8-35 
= 268 cu. ft. per sec. 


Example 2, ^ ^ n 

Find the depth of flow in a circnlax sewer 3 ft. diameter, having a faU of 
1 in 200, when the discharge is S.SOO gaUoM per mmute. Take e - lOOVmi, 
and solve by plotting. (London XJniv., 1919.) 

Assume the water level to be at a height d (Fig. 71)- Letr 
be the radius of the sewer, and 6 be half the angle subtended 
at the centre by the water level. 

From Fig. 71, 


T-d 


cos u = - 


im which the angle d may be obtained in radians. 

^2 2iQ 

Area of wetted cross-section = A — ® 



FLOW THROUGH OPEN CHANNELS 


161 


Wetted perimeter = P = r2d 


«= X ^^ft-Perseo. 


Quantity ~ Av X 6*24 x 60 gallons per min. 



Depth In Feet. 

Fig. 72 


These quantities are shown tabulated in the following table 
for assumed values of d — 


d \ 

j 

cos 0 

6 in rads 

A 

P 

m 

V 

Q 

•5 ' 

‘666 

•841 

•115 

2-523 

•307 

3-92 

1137 

•9 

.4 

M57 

1*778 

3-471 

•512 

5-06 

3360 

1-0 

•333 

1*225 

2*04 

3-675 

•555 

5-26 

4020 

•95 

•3665 

M95 

1*92 

3-5S5 

•535 

5-17 

3718 


d and Q are shown plotted in Fig. 72, and a curve is drawn 
through the points. From this curve the depth to give a 
discharge of 3,500 gallons per minute may be obtained. 

Required depth = *925 ft. 
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71. Rectangular Chaimel : Depth for Maximum Discharge. 

The channel with the most economical section is the one 
which gives the maximum discharge for a given amount 
of excavation. The discharge is propoii}ional to the velocity 
and the area, wliilst the excavation is proportional to the area. 
T’IiA -nvm'kAT'fl ATIC! A-f fVlA TYI '^st economical section may be found 
by assuming the area to be constant, 
and finding the depth which gives 
the maximum velocity. 

Consider the rectangular- 
sectioned channel of Kg. 73 ; let 
b be the breadth and d the depth. 
Assume the area of cross-section 
and h to be constant. 



As 


A = bd 



Discharge = Axv==^AxC 



( 1 ) 


As A, C, and i are constants for channel considered, the 
discharge will be a maximum when P is a minimum. 

P === b + 2d 

Substituting for b from Equation (1), 



= Ad + 2d 


Differentiating P and equating to zero for a minimum, 


dd 


-Ad'^ + 2 = 0 


Therefore, A = 2d^ 

But, as A = bd, 

bd = 2d^ 


Or, 


d 


b__ 

2 


That is, the maximum discharge for a rectangular channel 
occurs when the depth of water is one-half of the breadth. 
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72. Trapezoidal Channel : Condition for most Economical 
Section. The most economical section for a trapezoidal 
channel will be when the discharge is a maximum for a given 
excavation. The condition for this may be found, as in 
the previous case, by assuming the area to be a constant. 

Consider the trapezoidal channel of Fig. 74. Let h be 
the breadth of the base, d be the depth of water, and 

let the slope of the sides be — ; then the horizontal 
projection of the 
wetted side is nd. 

Discharge = A x.v 

^ A X 0 J pi, 

and will be a maximum 
when P is a minimum 
for the given channel. Fig. 74 

A=(b-\-nd)d (1) 

A 

Therefore, b =j - nd (2) 

Length of sloping side = V nV + d^ 

== dV + I 

P = b + 2d Vn^ + l 
Substituting for b from Equation (2), 

P = j-nd A- ^d, V??+~l 

Differentiating P and equating to zero for a minimum, 

dP A 

-j,-n + 2Vn^+l=0 

J, 

Therefore, ^2 + w = 2 + 1 

Substituting for A from Equation 1, 

— hn^ 2 Vn^ + 1 




Or, 


( 3 ) 
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Let 6 be angle of slope of sides to horizontal. Let 0 be the 
centre of water surface. From 0 draw OB to meet a sloping 
side at B and perpendicular to it. 

Consider triangle OBD, 
angle OLB = 6 

. ■ n OB OB 

then, sin d = ^ 

j+nd 


Consider triangle DBF 
angle DFE ~ 6 


then, 


sin 6- 


ED 
'' DF 


d 

dVrfi+l 


Equating these two values of sin 6, 
OB d 



dVn^ + 1 


It will be seen from Equation (3) that these two denominators 
are equal. 

Therefore, OB — d 

That is, if a semicircle is drawn with centre at 0 and of 
radius d, the three sides of the section wiU be tangential to it. 

Therefore, the most economical trapezoidal section is when 
the three sides are tangential to a semicircle described on the 
water line. 

As triangle ODB is similar to triangle DFE, it follows that 
OD=^DF 

... A + 

F + b 
d 

“(zoD+g 

- i 
~ 2 

This is another condition for maximum discharge which will 
be found useful for the solution of problems of this nature. 
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Example. 

A trapezoidal channel is to be designed for conveying 10,000 en. ft. of water 
per minute. Determine the cross-sectional dimensions of the channel from 
the following data — 

Slope 1 in 1,600 ; sides inclined 45® ; cross section to be a minimum : 
y == 90 V mi. {London XJniv., 1921.) 


Using Equation (3) and putting I, 


h + U 
2 


d Vi + 1 


Erom which, b — *828 d 
Area of section = A — [h d)d 

= (-828^2 + d)d 

== 1 - 828(^2 

Wetted perimeter = P = 5 + 2 Vfc? 

= •828i^ + 2-828d 
= 3*656t? 

A 1-828^2 
" p " 

= -M 


Quantity per second = A X v 

= A X 90 Vmt 

Therefore, = 1-828^2 x 90 X 

Squaring both sides and simplifying, 

1-026 = X -0003125^ 
Hence, d^ ~ 3280 

And, d ~ 5-04 ft. 

h = - 828 ^ 

= 4-17 ft. 


73. Circular Section : Depth for Maximum Velocity, The 

velocity of flow in a given circular channel will depend upon 
the depth of the water. As the velocity is proportional to the 
hydraulic mean depth, its maximum value may be obtained 
A 

by differ entiating p and equating to zero. 
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Consider the circular channel of Fig. 71. 

Let d = depth of water for maximum velocity 

0 = 1 angle subtended at centre by water line, in 
radians 

and r = radius of channel section. 

Then, 

area of wetted section = A = area of sector - area of triangle 



Wetted perimeter = P = 2r0 
A 

And, 771 —p 

As V = 0 Vmi, 


i) = maximum when w is a maximum. That is, when 
a maximum. 


Differentiating p and equating to zero, 


d 


dd 


= P 


dA dP 


dS 




= 0 


From which, Pr^(l - cos 20) - ^4 2r = 0 

Substituting for P and A, 

2r«e{l-cos2d) 

Therefore, 26 = tan 26 

The solution of which is when 20 = 257 
d = r-r cos 0 

For maximum velocity, = r-rcos?^ 

= r(l + -62) 

= l-62r 
Or, 

depth for maximum velocity = -81 x diameter of channel. 
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74. Circular Section : Depth for Maximum Discharge. 

Referring to Fig. 71, and using the same notation as in x4rt. 73, 

discharge = A X C V mi 

-Axojp 

-G E 

A^ 

Therefore, discharge is a maximum when-^ is a maximum. 


dd ^ dd E P^ 


From which. 


6r^5(l - CCS 26) -I’pIq 


^ixiW 

30(1 -cos 20) = 0 ^ 

Or, 40 - 60 cos 20 = - sin 20 

The solution of this equation is 0 = 154° 

Then, for maximum discharge, d ~ r~r cos 0 

= r(l + -9) 

= l-9r 

Or, depth for maximum discharge = -95 X diameter. 
Example. 

Find, either graphically or by calculation, the depth for the maximum 
discharge for a circular culvert. 

Find the depth of water for maximum velocity along a 6 ft. diameter 
culvert. (London Univ., 1914.) 

The depth for maximum discharge may he found by the 
above method ; or, it may be found by plotting as was done 
in Example (2), Art. 70. 

Depth for maximum velocity may be found from the equation 
of Art. 73 — 

depth = -81 X diameter 
= -81 X 6 = 4-86 ft. 

75. Variation of Velocity over Cross-section of a Channel. 

The velocity of flow varies at different points of the cross 
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section of the channel. The frictional resistance of the sides 
causes the water to slow down towards the sides of the channel, 
and the frictional resistance between the water surface and the 
atmosphere causes a slight reduction of velocity at the free 



Fig. 75 


surface. The maximum velocity will be on the vertical centre 
line of the channel at a point a little below the free surface. 

The variation of velocity over the cross-section of a rectangu- 
lar channel is shown in Fig. 75. The curves shovm are lines 
of equal velocity ; they have the greatest value at the centre, 
just below the water surface, and decrease towards the sides 
and base. In Fig. 76 are shown the variations of velocity on 
horizontal section lines taken at different depths. The 



Fig. 76 


velocities at different 
points of the section 
lines a, 6, c, and d 
(Fig. 75) are plotted 
on a base representing 
the width of the 
channel. 

Fig. 77 shows the 
variation of velocity 
on the vertical section 
lines 0, 1, and 2 

(Fig. 75). The hori- 
zontal ordinate repre- 
sents the velocity and 
the vertical ordinate 
the depth. 


The mean velocity on any vertical section approximately 


occurs at *6 of the depth ; it varies with the type of channel 
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and with the nature of the sides. The discharge of the whole 
channel may be obtained by dividing the section into vertical 
rectangles and finding the mean velocity of each rectangle. 
Using tliis mean velocity, the discharge through each rectangle 
may be obtained. The sum of ah these discharges will be the 
total discharge of the channel. 

For a quick approximation, the mean velocity of each 
rectangular strip may be taken as the velocity at a depth of 
•6 of the total depth. 

76. Measurement of Flow of Irregular Channels. By the 

term irregular channels ” is included large rivers and small 
streams. The quantity of 
flow of a small stream may 
be obtained by fitting a notch 
or weir across the stream ; ^ 
the discharge may then be g 
calculated by measuring the 
head over the notch. This ^ 
method could not be used ^ 
for a large river on account 5 
of tho expense and of the ^ 
obstruction to navigation it 
would cause. In this case it 
is necessary to measure the 
cross-section of the river, and to measure the velocity of flow 
at various points of tliis cross-section. 

Lot Fig. 78 represent the cross-section of the river at the 
point chosen. This should be on a straight uniform portion of 
the river. The cross section is then- divided into vertical 
rectangles as shovm, and the mean velocity of each rectangle 



Tig. 78 


found. This can be obtained approximately by assuming the 
mean velocity to occur at *6 of the depth and measuring the 
velocity at that point, or it may be found more accurately by 
measuring the velocity at several depths and calculating the 
mean from these measurements. The discharge through each 
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rectangle may then be obtained by multiplying the area by 
the mean velocity. Then, by adding together the discharge 
of each rectangle the total flow of the river is obtained. 

The velocity of flow may be measured by the following 
methods — 

(а) Pitot Tube. The Pitot tube is held with the orifice 
facing up stream at the place at which the velocity is required. 
The velocity is then obtained by the method given in Art. 29. 

(б) Current Meter. type of current meter is shown in 
Fig. 79. It consists of a wheel containing blades or cups, 



which are rotated by the flowing 'water ; these are headed 
towards the current by means of a tail on which vanes or fins 
are fixed. An electric current is passed to the wheel from a 
battery above the water by means of -v^dres, and a commutator 
is fixed to the shaft of the revolving blades which makes and 
breaks the electric circuit each revolution. A revolution 
counter above the water is worked by this electric current. 
The meter is lowered into the water at the required point, and 
the velocity obtained from the revolution counter. 

The Amsler Current Meter* is shown in Figs. 79a and 79b ; 
this is a universal instrument suitable for both measurements 
in very slow runnmg w'aters and yet strong enough for use in 
great velocities. The propeller is of a strictly helical shape ; 
it is made of one single piece of hard and very resistant 
aluminium. There is no friction between the axis of the 
propeller and the electric contact. The shaft of the propeller 
runs on the one side in a ball bearing and on the other in a 
sapphire bearing, ensuring smooth running and consequently 
greataccuracy of results, even when using the current meter for 
slow speeds. The current meter commences rotating at a 
speed of 1 in. per sec. 

* By courtesy of Messrs. Ainsler &, Co., Schaffhause, Switzerland. 
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The contact for transmitting the rotation of the propeller 
to the electric bell inside the casing of the current meter is 
arranged in a watertight chamber, thus preventing any cor- 
rosive and electrolytic influence of the water, especially sea 
water or acidulated water. The instrument can be taken to 
pieces quickly and conveniently without any tools. The ball 
bearings remain fast to their axis and cannot therefore be lost. 

This current meter can also be provided with an additional 
contact for single revolutions of the propeller and with an 
observation telephone. At every revolution of the propeller 
a crack is then heard in the telephone. If the propeller turns 
backward, as may be the case in whirlpools or backwater, a 
double crack is heard at every revolution. -^By means of this 
telephone it is possible to ascertain whether the propeller 
turns regular!}", forwards or backwards, and also to count 
directly the number of revolutions of propeller for a certain 
interval of time if the water flows very slowly. The instru- 
ment makes contact at every fifty revolutions of the propeller. 
The two terminals on the instrument casing are connected, 
by means of a double wire, with the electric bell and the 
battery, which are located in the instrument case. 

(c) Floats. A simple way of measuring the velocity of 
flow of a river is by means of floats. The surface velocity at 
any section may be obtained by a single float. The time taken 
for the float to traverse a Imown distance is measured and the 
velocity calculated. A single float gives the surface velocity 
only, and is affected by the wind and air resistance. 

A better method is to use double floats. A double float 
consists of a surface float on to which is attached a hollow 
metal sphere, heavier than water, and suspended from it by 
a cord of knovm length. (Fig. 80.) The depth of the lower 
float may be regulated by the length of the cord. The velocity 
is then obtained by timing the top float over a known distance. 
This gives the mean between the velocity of the surface and 
the velocity of the layer traversed by the lower float. 

The best type is the rod float. This consists of a vertical 
wooden rod which is weighted at the bottom to keep it vertical. 
The rod will travel with a velocity equal to the mean velocity 
of the section. It should be as long as the depth of the river 
will permit, and the top should be made conspicuous by 
painting it white. Some types of rods are made telescopic, so 
that the length may be adjusted to suit any depth. 
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Weeds at the bottom of a river will interfere with the use 
of a rod or double float. If possible, a section of the river 
which is free from weeds should be chosen. 

{ d ) Chemical Method, Another method for j&nding the 
discharge of an irregular channel is by inserting a chemical 
solution of known weight and strength uniformly at a certain 
section. Then, by finding the strength of the solution at 
another section lower dowm the stream, the discharge may be 
calculated. A solution must be chosen which readily mixes 
with water ; for this reason, and on account of cheapness, 
common salt is generally used. Great care must be taken with 



this method, a uniform stretch of channel should be used, and 
the solution should be inserted at several places over the 
cross-section. 

At a section of the stream, sufficiently below the inserting 
section for the solution to have mixed evenly with the stream, 
samples of the stream are taken at various points, from which 
the weight of salt per cubic foot of water is measured. 

Let Q = discharge of stream in cu. ft. per sec. 

q == quantity of solution injected in cu. ft. per sec. 

W ~ weight of salt per cu. ft. of stream water at lower 
section. 

IV — weight of salt per cu. ft. of solution injected. 

Then, as the weight of salt injected per second must equal 
the weight per second passing the lower section of stream, 

qw = QW 


Trom which, 
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This method is very unreliable unless the water is well 
mixed before reaching the lower section at which the samples 
are taken. The average results from all the samples must be 
used. 

77. River Bends. It is knowm from experience that a river 
flowing round a bend scours the bank on the outside of the 
bend, and material is deposited on the inside. This means 
that the bend is continually increasing, and eventually the 
river breaks through the narrow neck thus formed and makes 
an island of the land which previously formed the inside of 
the bend. After a time the main water course will be through 
the breach and the bent channel will be partly silted up, until 
finally it becomes a horse-shoe lake. These horse-shoe lakes 
are frequently found at the sides of rivers. 



Fig. 81 


The scouring of the outside of a river bend is mainly due to 
the impact of the water as it strikes the bank. Another 
explanation is given by Lord Kelvin, who accounts for it by 
the action of a transverse current which flows along the 
bottom of the river from the outside of the bend to the inside, 
as shown in Kg. 81. Owing to the centrifugal force the 
pressure of the water on the outside of the bend will increase ; 
but as the wnter near the surface has a greater velocity than 
that near the bottom, the pressure at the surface wiU be 
greater than that at the bottom. This wiU cause the water 
to flow downwards and form a -cross current which wiU trans- 
port material from the outside of the bend to the inside. This 
explanation may be the cause of some of the silting, but the . 
main quantity is probably due to impact on the outside of the 
bend and to still water at the inside. 

78. Water Supply and Rainfall. The water supply for a 
district is usually obtained by building a dam across certain 
water-courses, such as mountain streams. As this stops the 
flow of the stream, the inhabitants of the land below the dam, 
who were formerly supplied with water by the stream, must 
be compensated by a daily supply of water from the dam. 
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Such water is Imowii as compensation water, and the quantity 
is fixed by law to be one-third of the total amount collected by 


the dam. As the greater part 
of this compensation w^ater 
must be supphed in the day 
time, it is usual to have a 
special reservoir for it, so that 
the claimants may use it as 
they wish. 

In supplying the population 
of a district with water, the 
following considerations arc 
necessary — 

(1) EainfaU. 

(2) Amount lost by evapor- 
ation, absorption, and per- 
colation. 

(3) Maximum period in 
which available supply falls 
short of demand. 



The rainfall of a district is 
measured with a rain gauge, 
such as shown in Tig. 82, 
and is averaged over several 

years. The following list gives the average rainfall, of a few 
districts — 



Scathwaite 

136 in. per year 

Keswick 

60 „ 

Buxton 

54 „ „ 

Midlands 

25 „ „ 

London 

25 „ „ 

Manchester 

37-4 „ 


The water supply is reckoned on the three consecutive driest 
years, and the following rules are used — 

(1) The wettest year has a rainfaU of 1-| times the mean 
rainfall. 

(2) The driest year has | the mean rainfall. 

(3) The driest two consecutive years have | of mean rainfall 
per year, 

(4) The driest three consecutive years have f of mean 
rainfall per year. 

It is usual to work on the last of these rules. 
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Some of the rainfall is lost by evaporation, absorption, and 
percolation, the amount depending on the nature of the ground 
on viiich the rain fails. The following table vili give an idea 
of the amounts lost by these causes — 


Percolation. 

Evaporation. 


Rainfall. ^ 





; Soil. 

Sand. 

Soil. 

Sand. 

Water. 

in. 1 in. 

in. 

in. 

in. 

in. 

25-7 7-6 

! 21-4 

18*1 

4*.3 

20-6 

1 


The average loss from these causes may be taken as from 
10 to 20 in. of the annual rainfall. 

Eeservoirs are built in wliich the water is stored. The 
amount stored should be equal to about 150 days' supply. 
Li towns, small reservoirs, known as service reservoirs, are 
built for district supply. 

The total amount of water required to be stored for the 
whole water supply is given by the following empirical rule — 

Vh 

where N = number of days’ supply to be stored 

and h = inches of rainfall in three consecutive dry years. 

The demand for the water is not regular, and it is found 
that one-half of the amount used daily will be drawn off in 
6 hours. That is, the maximum rate of flow is 100 per cent 
more than the average rate. This must be taken into account 
in designing the supply pipes. 

The amount of water consumed varies in different districts. 
The following figures are an average of the amounts supplied — 
Domestic supply : 

17 gallons per day per head in towns. 

12 gallons per day per head in rural districts. 

Trade supply : 

5 to 20 gallons per day per head. 
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The folloTving gives the quantities of water supplied per* 


day for several large towns — 


Philadelphia . 

. 215 gallons per head 

Glasgow . 

. 52 „ „ „ 

Perth 

. 50 „ „ „ 

Manchester 

. 27 „ „ 

Liverpool 

25 „ „ „ 

Leicester . 

. 16 „ „ „ 


These figures include the consumption for trade, domestic, 
municipal, and leakage. The large variation is probably due 
to trade consumption and leakage. For an average, a total 
consumption of 30 gallons per head per day may be used. 

Example. 

The average rainfall over a catchment area of 1,680 acres, as determined 
for a period of 35 years, is 36*6 in. per annum. Assuming that there is a 
possibility of three consecutive dry years, during which the average rainfall 
is only 80 per cent of the above average, and assuming that the evaporation 
loss in such dry years is equivalent to 15 in. of rainfall per annum, determine 
in gallons the minimum annual yield from this catchment area. 

If one-third of this yield has to be supplied for compensation water, what 
population could be supplied from this catchment area, if the daily supply is 
48 gallons per head ? (London Univ., 1915.) 


Minimum average rainfall = 36*6 X 29*25 in. 

Deducting loss due to evaporation, 


collectable rainfall 

Volume of rain collected 
per annum 


= 29*25- 15-0= 14*25 in. 


area X depth 
1680 X 4840 X 9 X ■ 


= 86,800,000 cu. ft, 

= 542,000,000 gallons. 
Deducting one -third for compensation water. 


actual amount available 
per annum 


Population supplied 


= 542,000,000 X I 
= 361,000,000 gallons 
361,000,000 
48 X 365 
= 20,600 


12— (S167) 
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Examples 7, 

(1) Using Bazin’s fomiula C = find the value of C7 for a broad 

shallow river of 2 ft. deep. (Take wetted perimeter as breadth of river.) 

Ans. — 59*2, 

(2) A channel 10 ft. wide at the bottom and with sides sloping 1 to 1, has 
a slope of 3 ft. per mile. Mliat would be the dischargejf the water is 4 ft. 
deep in the channel and (7 = 95 in the equation v — C V mi. (London Univ., 
1920.) 

Alls. — 205-5 cu. ft. per sec. 

(3) Find the maximum discharge for least excavation of a rectangular 
channel 10 ft. wide, when C — 105 and slope — 1 in 1,000. 

Ans. — 262*5 cu. ft. per sec. 

(4) Explain what is meant by the “ best cross-section ” for a channel, and 
how it is determined- 

A channel with side slopes at 45® is to have a cross-section of 120 sq. ft. 
Determine the dimensions for the best section. (London Univ., 1913.) 

Ans. — ^Depth = 8-1 ft. Base = 6-7 ft. 

(5) Deduce the formula for the depth of water in a circular conduit for 
maximum discharge. 

Find the depth for maximum discharge in a circular brick sewer 4 ft. 
diameter. (London Univ., 1912.) 

Ans. — 3*8 ft. 

(6) Describe the construction and use of a current meter for measuring 
the velocity of flow of a stream, and explain how you would proceed to 
determine bv its aid the discharge of a stream of moderate width. (London 
Univ., 19130 

(7) A district has a drainage area of 2,500 acres, with a population of 20 
persons per acre. The daily water supply to the district is equal to 40 gallons 
per head. During dry weather it is found that 7 per cent of the daily dry 
weather flow passes along the sewer between the hours of 12 noon and 1 p.m. 

Assuming a maximum rainfall of 1 in. in 24 hours over the whole area, 
determine the diameter of a circular sewer, having a slope of 1 in 3,000, which 
will take the maximum dry weather flow and the rainfall, without the sewer 
becoming more than half full. [Assume G — 130.] (London Univ., 1917.) 

Ana.— 8*93 ft. 

(8) Explain carefully how you would determine the discharge of a river 
having a width of about 150 ft. and a depth at the centre of about 15 ft. 
(London Univ., 1914.) 

(9) The bed of a stream has a slope of 1 in 1,000, and the depth of the 
water is 3 ft. A dam is to be built across the stream and provided with a 
sluice gate. Find the height of the dam so that the rise in level of the water, 
when the sluice gate is closed, may be limited to 7*5 ft. Take (7 = 65 in the 
formula v = 0 V mi, the coefficient of discharge of the dam, as a weir, *56, 
and assume, in calculating m, that the breadth of the stream is large in 
comparison with the depth. (London Univ., 1912.) 

Ans. — 8*17 ft. above bed of stream. 
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(10) A rectangular channel is 5 ft. deep and 10 ft. wide. If the value of G 
in Chezy’s formula is 100, determine the discharge if the gradient is 1 in 1,000. 
(A.M.I.Mech.E., 1922.) 

Ans.— 250 cu. ft. per sec. 

(11) Show how the basic formula for steady flow in channels of constant 
slope and section is derived. 

The depth of water in a circular brick-lined conduit, 6 ft. in diameter, is to 
be 5 ft., and its capacity 50 million gallons a day. The water surface subtends 
an angle of 96® 20' at the axis of the conduit. What must the gradient be ? 
(7=123. (A.M.I. Civil E., 1921.) 

(12) You are required to ascertain the discharge of a river by means of 
current meter observations. Describe with diagrams the procedure at the 
site, and explain carefully how you would arrive at the discharge from your 
meter readings. The meter may be assumed calibrated and ready for use. 
(A.M.L Civil E., 1922.) 

(13) A concrete-lined channel has a bottom width of 10 ft., side slopes of 
1 horizontal to 3 vertical, and a gradient of 1 in 800. When flowing 3 ft. 
deep, it is found to have a capacity of 220 cusecs. What is the value of C ? 
(A.M.L Civil E., 1922.) 

Ana.— 133. 

(14) A stream is 40 ft. wide at water level. At horizontal intervals of 5 ft. 
the following results are obtained by current meter. 


Distance from bank. Et. 


2*5 

7*5 

12*5 

17*5 

22*5 

i 

27*5 

32*5 

37*5 

Depth of water, Et. 

Mean velocity on vertical 

0 

1*0 

2*2 

3*2 

4*4 

5*0 

3*4 i 

2*2 

1*2 

Et. per sec. . . | 

’ 

1*5 

1*9 

2*2 

2*9 

3*3 

2*71 

1*8 

1*4 


What is the discharge in cusecs ? (A.M.I, Mech. E., 1926.) 

Ans.- -283*8 cusecs. 

(15) Deduce the Chezy formula for uniform flow in channels. An irrigation 
channel has a gradient of 1 in 2,000, a bottom width of 16 ft., and side slopes 
of 1 vertical to 2 horizontal. If the depth of water is 4 ft. and the value of 
0 is 90, what is the mean velocity and the capacity in cusecs ? (A.M.I. Mech. E. 
1926.) 

Ans. — V = 3*38 ft. per sec . ; ^ = 324 cusecs. 

(16) A brick-lined sewer has a semicircular bottom and vertical side walls 
2 ft. apart. If the slope is 1 in 1,000 determine the discharge when the 
maximum depth of water is 3 ft Take G in Chezy’s formula as 90. 
(A.M.Inst. C.E., 1925.) 


Ans. — 14*05 cusecs. 



CHAPTER VIII 

RECIPROCATIKO PUMPS 

79. Types of Reciprocating Pumps. There are two main types 
of pumps, centrifugal and reciprocating ; the latter t}^e only 
mU be dealt with in this chapter. A reciprocating pump is 
driven by power from an external source and consists of a 
cylinder 'in which a piston or plunger is moved backwards 
and forwards. This movement of the plunger creates alter- 
nately a vacuum pressure and a positive pressure in the cylinder 
by means of wliich the water is raised. If a plunger is used, or 
if the water acts on one side of the piston only, the pump is 
single acting. In this case it sucks the water into the cylinder 
on the outward stroke and forces it out during the inward 
stroke. If the water acts on both sides of the piston it will 
suck and deliver during one stroke ; such a pump is said to be 
double acting. 

Pumps which raise the water by suction only are known 
as suction pumps. Such pumps are only suitable for low 
lifts, as the maximum height through which water could be 
lifted by tlais t}^e of pump is theoretically equal to the 
barometer reading and actually to about 25 ft. 

Pumps wliich lift water by means of pressure are known as 
force pumps. 

80. Force Pump. A diagrammatic view of a force pump 
is shown in Fig. 83. The rotation of the crank causes the 
plunger P to move backwards and forwards in the cylinder C. 
During the suction stroke the plunger moves to the right, 
which causes a vacuum in the cylinder. The atmospheric 
pressure on the water surface forces the water up the suction 
pipe 8 ; this forces open the suction valve a, and the water 
enters the cylinder. On the return stroke of the plunger the 
water pressure closes the suction valve and opens the delivery 
valve b ; the water is then forced up the dehvery pipe D and 
so raised to the required height. 

The theoretical volume of water raised per revolution is 
equal to the stroke volume of the cylinder if the pump is 
single acting, and to twice this volume if double acting, 

180 
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Actually, the amount lifted is less than this volume, owing 
to losses. 

81. Work done by Pump. Referring to Tig. 83, let t be the 
radius of crank and L be the length of stroke, in feet. 



Fig. 83 


Then, L = 2r 

Let A be the cross-sectional area of piston in square feet. 
Then, 

theoretical volume of water 

pumped per stroke = AL 

and, 

theoretical weight of water 

per stroke == wAL 

Let Hs = height of centre of cyhnder above water surface 
and Ua— height to which water is raised above centre of 
cyhnder. 
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Then, total height lifted = 

Let = velocity of -water in delivery pipe 

Yelocity head of water leaving delivery pipe = — 

As is usually small, it may be neglected unless the total 
lift is very small. 



Fig. 83a. — Section of Horizontal Duplex Steam Pump 


Let W be the weight of water per second actually lifted. 
Work done = W (jSs + ft. lb. per sec. 


Theoretical horse-power required = W ( -f + 




550 


The actual horse-power required would be greater than this 
on account of frictional resistance of water and mechanical 
parts, and of leakage. 

The ratio of the actual volume of water discharged to the 
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volume swept through by the plunger is called the coefficient 
of discharge. 

W 

Or, coefficient of discharge = — 7 ^: — 

62-4 AL n 

where n = number of suction strokes per second. 

The difference between the volume swept through by 
plunger and the actual discharge is called the “ shp.” 

In the case of pumps with a long suction pipe and a low - 
dehvery, the pressure due to the inertia of the column of water 
in the suction pipe will be large compared with the pressure 



on the outside of the delivery valve, especially if the speed is 
great. This may cause the delivery valve to open before the 
end of the suction stroke, and a greater volume of water will 
be dehvered than that swept through by the plunger. This 
makes the theoretical discharge less than the actual ; the slip 
will then be negative and the coefficient of discharge will be 
greater than unity. 

A diagram showing the work done by the pump during a 
complete cycle is shown in Fig. 84. The diagram shows the 
pressure on the plunger, or on one side of the piston if double 
acting, plotted as the vertical ordinate, whilst the length of 
the stroke is represented by the horizontal ordinate. The 
horizontal line fe represents atmospheric pressure. The hne 
dc is the pressure in the cylinder during the suction stroke, 
it being below the atmospheric Hne by the amount Hg- The 
hne ab represents the pressure in the cyhnder during the 
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delivery stroke, and is above the atmospheric line by the 


amount H^ -f 




The area dcef is the work done by the 


plunger on the suction stroke, and ab ef is that done on the 
delivery stroke. Then, total work done per revolution is given 
by the" area abed. If the pump is double acting, the work 
done is twice tins amount. 

Such a diagram may be obtained automatically by means 
of an indicator placed on the cylinder, and is consequently 
called an indicator diagram. 

An actual diagram taken by an indicator would be similar 
to Fig. 84 if the pump were running at a low speed. 


Example. 


A single acting reciprocating pump has a piston area of 1*5 sq. ft. and a 
stroke of 13 in. The cross-sectional area of the delivery pipe is *3 sq. ft. and 
the water is lifted through a total height of 40 ft. If the speed of the pump 
is 60 revs, per min., and the actual quantity of water lifted 550 gallons per 
min., find the slip, the coefficient of discharge, and the theoretical horse-power 
required to didve the pump. 

Volmne swept through by piston = 1-5 X 1*0 = 1*5 cu. ft. 


Theoretical volume pumped per sec. 
Actual volume pumped per sec. 


~ X QQ = cu. ft. 
650 

” 60 X 6-24 
= 1-47 cu.dt. 


Slip = 1*5 - 1-47 = *03 cu. ft. per sec. 
•03 , 

= — X 100 — 2 per cent. 


1-47 


Coefficient of discharge = = 98 per cent. 


1-47 

= 4*9 ft. per sec. 

Total pressure head on piston — Hs + + 

2g 

4-92 


: 40 -f 


64-4 


Theoretical horse-power 


= 40*373 ft. of water. 
550 X 10 40-385 

60 ^ 560 

6-73. 
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82. Variation of Pressure due to Acceleration of Piston. 

Owing to tlie reciprocating motion of the plunger or piston, 
it will have an acceleration at the beginning and a retardation 
at the end of each stroke. This wall transmit a corresponding 
acceleration and retardation to the water in the suction and 
delivery pipes, the inertia of W'hich wall cause a variation of 
the pressure in the cyhnder. 

In order to simphfy the problem it is usual to assume that 
the piston moves with simple harmonic motion. This w^ould 
be the case if the connecting rod were very long compared 
with the length of the crank. 

Consider the diagrammatic view of the crank and connecting 
rod of Fig. 85. Let the crank be rotating with an angular 



velocity co. Suppose it has turned through an angle 6 in the 
time ^ sec., and assume simple harmonic motion. 

Then, ^ d — cot 

Displacement of piston 
from end of stroke = x = r-r cos cot 

Velocity of piston = v — " = cor sin cot . . . (1) 

Acceleration of piston= / = ^ • • (2) 

Let A be the area of piston and a be the area oi pipe. Then, 
as volume of water flowing from pipe per second equals volume 
of water flowing into cyhnder per second, 

A 

velocity of water in pipe = velocity of piston X — 

(X 
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acceleration of water in 
pipe 


: — CO^ cos (Dt 
a 


== — err cos l 
a 


Let I = length of pipe through which water is flowing. 
Then, weight of water in pipe ~wal. 

Let fa = intensity of pressure due to acceleration of water 
in pipe. 

From Newton’s laws of motion, 
accelerating force = mass X acceleration 


That is, 


wal .A 
wl .A 


Let Ha — acceleration pressure in feet of water 


Then, H, 


w g a 


Substituting for /from Eq. 2. 

I A 

Ha = ~ X —o)h oos d ..... (5) 

^ g a ^ ^ 

The pressure head due to acceleration acting on the piston 
will, therefore, vary with the angle 0. 

At the beginning of the stroke when 0 = 0, cos 0 = 1 

then, — ojV 

ga 

At the middle of the stroke when 0 = 90, cos 0 = 0, 
then, = 0 

At the end of the stroke when 0 = 180, cos 0 = - 1 

, H,= -l--coh 

ga 


then. 
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If simple harmonic motion is not assumed, the acceleration 
of piston at dead centres = T where L is the length 

of the connecting rod.* Then, at beginning of stroke, 


H 


a 


OT 

ga 



At end of stroke, 




83. The Effect of Acceleration in Suction Pipe. Consider the 
suction stroke of the pump of Fig. 83. As the piston moves 
along the cyhnder it must produce a vacuum sufficient to lift 
the water up the height Hs, and also to accelerate the water. 
The yacTajim--pressure-in the ..cyhnder ^^,m^ therefore, equal 
± If this vacuum pressure reaches of water, 
that is 8 ft. absolute, the water commences to vaporize 
and cavities of dissolved gases and vapour are formed. This 
will cause the water in the pipe to separate and flow in sections ; 
the flow is then no longer continuous and vibrations and 
“ knocking ” will occur. This phenomenon is known as 
separatioiL.or^:nt^ and must be prevented. 

The suction stroke of the indicator diagram of Fig. 84 must 
now be modified to take into account the acceleration head. 


Let Ig ~ length of suction pipe 

and ag ~ cross-sectional area of suction pipe. 

Then, Ha = - x ” coV cos 6 

g o.s 

At the beginning of the suction stroke this must be added 
to the suction head as the piston is accelerating the water. 
The equation gives a straight sloping Hne, the accelerating 
head being zero at the centre of the stroke. At the end of 
the stroke the water causes a positive pressure on the piston 
in retarding, which reduces the vacuum pressure in the cyhnder. 

The new indicator diagram for the suction stroke is shown 
in Fig. 86. The acceleration head Ha is added to the vacuum 
head at the beginning of the stroke and subtracted at the end. 
The work done is now represented by the area fmne; but 
as this equals the area f dee, the net work done remains as 
* See textbooks on Mechanism. 
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before. Tims, tlie inertia of the water does not affect the net 
work done, but only causes a variation of the pressure in the 
cylinder. The piston does work on the water in accelerating 
it during the first half of the stroke, but receives it back in 
retarding it during the latter half. 

If simple harmonic motion had not been assumed, the 
straight sloping fine m n would have been sh'ghtly curved. 



In designing pumps, the point m (Fig. 86) must not fall 
below the separation pressure of the 'water. Or. 

Hs -r Ha must not be greater than 26 ft. of water. 

This may be arranged by varying Is, the ratio — , or the 
speed of the pump. 

Example. 

A single acting pump has a plunger diameter of 5 in. and a stroke of 1 ft. 
The len^h of the suction pipe is 30 ft. and the diameter 3 in. Find the 
acceleration head at the beginning of stroke when the pump is running at 
30 revs, per min. If the height of pump’s centre is 10 ft. above the water 
level in the sump, find the pressure head in the cylinder at beginning of stroke. 

At beginning of stroke, cos 0=1, 

Then, 

g a 

30 /5y/27r30y 

“ 32-2 ^ Vfj Vlo ” ) 

~ 12-75 ft. of water. 

Pressure head in cylinder = U-Hs-H^ 

= 34-10-12-75 
= 11-25 ft. of water. 
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84. The Effect of Acceleration in the Delivery Pipe. The 

column of water in the delivery pipe will he accelerated at 

the beginning of the delivery stroke and retarded at the end, 
in the same way as that in the suction pipe. But, as the 
delivery pipe may be much longer than the suction pipe, the 
lift of the latter being hmited to 26 ft., the accelerating head 
in this case may be very large. 

Let Id = length of dehvery pipe 
and ctd = cross-sectional area of deHveiy pipe. 

I ■ A 

Then, X — cos 6 

g <^6, 



In Fig. 87 the indicator diagram of the dehvery stroke of 
Fig. 84 is shown with the acceleration head added. The work 
done is the area ef qp, and is not affected by the acceleration 
of the water. The minimum pressure head in the cyhnder is 
represented by the point q and equals 




a 


above atmosphere. In absolute units this becomes — 


34 + Hd + 2^ Ha 

This amount must not be less than 8 ft. of water, otherwise 
separation will take place at the end of the stroke. The 
hmiting condition is, therefore, when 
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Or, when 

If the delivery pipe of the pump is vertical, both sides of tliis 
equation viU increase with the length of the pipe ; in which 
case it is highly improbable that Ha would be greater than 
Consider the delivery pipe of a pump to be bent either to 
the form sho\ni in Fig. 88 or to that of Fig. 89. Let the 
length of pipe and height lifted be the same in both cases. 
The conditions at points a in both figures mU be the same, 
there being no difference in the values of H^ and H^m either 


r^~~ 





— !) 


Fig. SS Fig. 89 


case. If separation takes place it would do so at the point h 
of Fig. 88 ; for at this point is zero and there is still a 
considerable length of pipe beyond b which affects 


Example. 

A single acting pump has a piston diameter of 6 in. and a crank radius of 
1 ft. The delivery pipe is 3 in. diameter and 100 ft. long. The water is 
lifted 100 ft, above the centre of the pump. Find the maximum speed at 
which the pump may be run so that no separation takes place during the 
delivery stroke- Neglect the velocity head in the delivery pipe and assume 
separation occurs at an absolute pressure of 8 ft. of water. 


Referring to Fig. 87, separation takes place when 
H, + U-Ha = 8 
or, Ha = E^ -j- 26 

= 100 + 26 = 126 ft. of water. 


But, at end of stroke, Ha = 

126 = 
0 ) = 


m X f ® V 

32-2 ^ V3 / 


0)2 X 1 


3-22 


Therefore, 
From which, 
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Let n = number of revolutions per minute. 


Then, 


CO 


277 91 


Hence, 


n 


3*22 X 60 


= 30-6 revolutions per minute. 

85. Work done against Friction in Pipes. There will be a 
frictional resistance to the flow in the suction and deflvery 



pipes which follows the ordinary friction laws dealt with in 
Chapter VI. 

For any point of the stroke the velocity in the pipe is given 
by Equation (3), Art. 82 — 

^ 

V = — cor sin o 
a 


Head lost in friction = 


7 4 / 

= — cor sm 0 

d 2g\a 


2 


where / = coefficient of friction. 

At the two ends of the stroke, sin 0 = 0, therefore the 
velocity in the pipe is zero, and there will be no loss of head 
due to friction. 
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Jif has its maximum value when 5 == 90, that is at the 
middle of the stroke, when 




d 2g \a j 


The equation for Jif is a parabola. If the frictional head is 
added to the indicator diagrams of Figs. 86 and 87 the com- 
bined indicator diagram vill be as shown in Fig. 90, the 
parabola m r n being the work done against friction in the 
suction pipe, and the parabola qs^ being that of the delivery 
pipe. 


Total work done durijig 
suction stroke = area efmrn 

= area ej dc area m r n 

Total work done dining 
delivery stroke = area efqsp 

== area ab ef + area q sp 

As the mean ordinate of a parabola is equal to two-thirds 
of the maximum ordinate, 

2 

mean ordinate of suction pipe parabola = ~ 


^2 4AM 

3 ds 2g \a, 


mr 1 


where the suffix s applies to the suction pipe. 

Work done against friction 
during suction stroke = area of parabola m r n 

Work done against friction 
per sec. 


3 d,2g [as 


X W 


J 


In the same way, work done against friction during delivery 
2 


stroke per sec. 


V. X W 
2 


3 ^ d, 2. 


A 


where the suffix d refers to the delivery pipe and W is weight 
of water pumped per sec. 

Total work done per f 2^ ,2 

second “ ^ + ; 


mr] X W ft. lb. 
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The vacuum pressure on the piston during the suction 
stroke for any angle d of the crank 
= fl-, + 1?, + h. 


— cof sin 0 ft. of water 


__ TJ , if I, _ 

“ ' ' gets ~^d,2g\as 

The pressure on the piston, above atmosphere, during the 
dehvery stroke is equal to 


laAco^r Gosd 4.fl^ 
Rd i r — 


gcLd 


da ^g \aa 


ayr sin 0 ft. of water 


It will be noticed that in both these equations the acceleration 
head is a maximum at the ends of the stroke and zero at the 
centre, whilst the frictional head is zero at the ends and a 
maximum at the centre of the stroke. 


Example. 

A single acting pump has a stroke of 1 ft. and a piston diameter of 6 in. 
The centre of the pump is 15 ft. above level of water in sump and 100 ft. 
below delivery water level. The lengths of the suction and delivery pipes 
are 20 ft. and 120 ft. respectively, and their diameters are 3 in. The coefficient 
of friction for these pipes is ‘01. If the pump is working at 30 revs, per min., 
jSnd the pressure head on the piston at the beginning, middle, and end of 
both strokes, and find the horse-power required to drive the pump. (Ignore 
the velocity head of the discharge water.) 


(1) Suction Stkoke. 
At ends of stroke 


rr h A , 

Ha ~ - X — CO-r 

g clb 
20 

“ 32-2 ^ ' 


At middle of stroke, 


/6 Y/27r30y 

[s) } 

t. of w 

, 4/J, (A Y 

hf = j-jp — cur 
d, 2g \a, j 


x-l 


= 12-3 ft. of water. 


4 X -01 X 20 


. 27x30 / 


i X 64-4 
= 1*96 ft. of water. 

Pressure at beginning of stroke = Ha 

= 15 + 12-3 

= 27*3 ft. of water (vacuum) 

IJi— (516/) 
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Pressure at end of stroke 


Pressure at middle of stroke 


- Hs-H, 

= 15-12*3 

= 2-7 ft. of water (vacuum) 

= Eg -r 
= 15 + 1*96 

= 16*96 ft. of water (vacuum) 


(2) Delivery Stroke. 
At ends of stroke, 


H=l^X-wh 


g 

120 

'3^ ^ 


6Yf27T 30 
3 


At middle of stroke 




60 

= 73*8 ft. of water. 

^fhl 


X i 


A V 
— cor 


da ^ \(^ 

4 X *01X120 
i X 64*4 


4x^x4)' 


= 11*75 ft. of water 

Pressure at beginning of stroke = EaY di a 

= 100 + 73*8 
= 173*8 ft. of water 

(above atmos.) 

Pressure at end of stroke = 100-73*8 

= 26*2 ft. of water 

(above atmos.) 

Pressure at middle of stroke — E^^A- ^ta 

= 100 + n'75 
— 111*75 ft. of water 

(above atmos.) 

Work done per stroke = X area X length 

= wE X volume of cylinder 
= Weight of water per stroke 
X E 

77 

Weightof water per stroke=Tf= 624 x X 1 

= 12-26 lb. 
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Work done during suction stroke 


2 


- WUs 


X 1-96 


= 16-31 W ft. lb. 
Work done during delivery stroke 


= Tf |l00 + ^g X 11-75^1 
= 107-8 IF ft. lb. 


Total work done per revolution = TF(1 07-8 + 16-31) 


Horse-power required 


= 12-25 X 124-1 = 1520 ft. lb. 
1520 X 30 
33,000 
= 1-38 


86. Maximiim Vacuum Pressure during Suction Stroke. It is 

not quite clear from Fig. 90 which part of the suction stroke 
will have the maximum vacuum pressure. A part of the 
curve mrn may fall below m ; in which case separation may 
occur at some point other than the beginning of the stroke. 

The velocity head of the water in the suction pipe is con- 
verted into pressure head on entering the cylinder, therefore 
the maximum vacuum pressure will occur just inside the 
suction pipe at the section where it enters the cylinder. 

Let the total vacuum pressure in the pipe at this section = 
and Vs = velocity in suction pipe. 


Ms + + + 


Then, H 

Substituting the values of Vs, and hf in terms of 0, 




9 a, 

= fl,+ ^-<DV0OSe + 
9 as 


ds j 

(AYah’^smWf^ , 4:fl,\ 

[aj 2g V'^~d7) 
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Fig. 91 


it will be found to be much greater than unity. The vacuum 
pressure is, therefore, a maximum at the beginning of the 
stroke. 

Hence, if separation occurs during the suction stroke, it will 
do so at the beginning. 

87. The Reduction of the Acceleration Head by means of an 
Air Vessel. As the pressure in the pump must not faU below 
the separation pressure of the water, the maximum speed of a 
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pump is limited by the acceleration head. The acceleration 
head depends on the length of the suction or dehvery pipe, 
and it may be considerably reduced by fitting an air vessel on 
these pipes as near to the cylinder as possible. Suppose an 
air vessel be fitted on the delivery pipe of the pump in Fig. 91. 
The air vessel is a cast-iron chamber having an opening at the 
base, through which the water may flow. As the level of the 
water in the chamber rises, the air trapped in the upper 
portion of the chamber is compressed, and will force the water 
out as soon as the pressure of the latter falls. 

The water in the dehvery pipe beyond the air vessel is 
assumed to flow with a uniform velocity throughout the cycle. 
During the middle portion of the dehvery stroke, when the 
piston is forcing the water into the dehvery pipe with a velocity 
greater than the mean, the additional water wiU flow into the 
air vessel. At the ends of the stroke, when the water is forced 
into the dehvery pipe with a velocity less than the mean, the 
water will flow out of the air vessel and so make up the 
deficiency. The constant flow in the dehvery pipe beyond the 
air vessel is thus maintained. The only volume of water 
which is now accelerated is that in the dehvery pipe between 
the air vessel and cyhnder ; this is made small by fitting the 
air vessel as near the cyhnder as possible. 

The pressure of the air in the air vessel wih vary as the water 
flows in and out ; this variation is reduced by making the air 
vessel large compared with the area of the dehvery pipe. In 
order to simphfy the problem, it is assumed that the air vessel 
is so large that the change of water level in it may be neglected. 
This is the same as assuming the air pressure in the air vessel 
to be constant. 

Let la == length of dehvery pipe beyond air vessel 

= length of dehvery pipe between cyhnder and 
air vessel 

~ constant velocity of water in dehvery pipe 
beyond air vessel 

Then, -- ~ mh cos 0 

9 ccd 

Head lost in friction in dehvery pipe beyond air vessel 
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Head lost in friction in delivery pipe 


ueuvvtjtjii cwx vtisaei aiia 


cylnder 


= -T^ — cy^'sm I 

da^gVa 


Also, 


Tolume of water per sec. 
area of delivery pipe 


If pump is single acting, 

2r A n 

60 di 

where n is the number of revolutions per minute. 
If pump is double acting, 

4:r An 


Total pressure head at beginning of delivery stroke 


- -“^ + 2 ? ^ d,ig ^gaa 
Total pressure head at end of stroke 


orr 


+ 


2g di2g g 


ah' 


Total pressure head at middle of stroke. 


+ 






^9 da 2g \aa 


The last term in each of these equations is small and may 
usually be neglected. 

The same reasoning applies if an air vessel is fitted on the 
suction pipe, the water accelerated being reduced to the 
amount between the air vessel and cylinder. The above 
formula wiU hold for the suction pipe if the suffix s is sub- 
stituted for the suffix d. In this case the pressure head wiU 
be below atmosphere. 

Total work done per sec. = If ( S’ + 

' da2g d,2g 

The total pressure head in the air vessel reckoned above the 
centre of the cylinder wiU be approximately equal to the total 
pressure head in the delivery pipe above the same datum. 
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Let = pressure of air in air vessel in feet of water 

and = height of water level in air vessel above centre 

of cylinder 

Then, 

if all smaU quantities are neglected. 


Example. 

A reciprocating pump draws water from a sump through a suction pipe 
6 in. diameter and 40 ft. long, the water level being 10 ft. below the level 
of the cylinder. The cylinder diameter is 9 in., stroke 15 in., and the length 
of the connecting rod 5 ft. The driving crank rotates at 20 revs, per min. 
Determine the pressure in the cylinder at the beginning of the stroke (a) when 
no air vessel is fitted ; (6) when an air vessel is fitted at the cylinder level 
and distance 5 ft. from it. (London Dniv., 1917.) 

(a) (1) Assuming simple harmonic motion, 


_/9Y 20Y7-5 

~ V6 j ^ 32l v’^eoj 

= 7-67 ft. of water. 


Total pressure head in cylinder 

— 10 + 7*67 = 17-67 ft. of water less than atmos. 


(2) If harmonic motion is not assumed, 


rj ^ 2 

Ha = orr 

as g 


r 


= 7*67 X M25 = 8*67 ft. of water 


Total pressure head in cylinder 


= 10 + 8-67 = 18*67 ft. of water below atmos. 
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Then, 


{b) Assume pump is single acting. 
A n 

20 


}i,= 


Qj X-XitX^= ‘937 ft. per sec. 
d, 2g 

4 X -01 X 35 X -9372 ^ ^ 

= ^ . = -0382 ft. of water 

•o X 6i-4 

(1) Assuming simple harmonic motion, 

„ AL „ 


g 

QV 


n X 


32-2 


X 


/ 20\2 7*5 

V * U 


= *959 ft. of water 
Total pressure head in cylinder 
— Hs Ha -{■ hf 
= 10 + -959 + -0382 
= 10*9972 ft', of water below atmos. 
(2) If simple harmonic motion is not assumed, 

= — \o2rfl +^) 
asg \ LJ 

= *959 X 1*125 = 1-084 ft. of water 
Total pressure head in cylinder 

= 10 + 1*084 + -0382 
= 1M222 ft. of water below atmos. 


88. Work Saved by Fitting Air Vessel. The following applies 
to either suction or delivery strokes. Consider in the first 
case the pump to be single acting. If there is no air vessel 
on the pipe, the diagram representing the work lost in friction 
during the revolution is a parabola (Art. 85), the area of 
which equals 


X^X 


^(A 

d 2g 


cor 


where W = weight of water pumped per revolution. 


( 1 ) 
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Suppose an air vessel is now fitted just outside the cylinder. 
The velocity of flow in the pipe is now constant ; the frictional 
loss will, therefore, also be constant and acts over both strokes. 
The diagram showing the work done against friction during the 
revolution vdll now be a rectangle of area 


W X 


4cflv^ 

d2g 


where v = mean velocity of flow in pipe. 


But, 


A 2r CO 
~ a 27 t 


A cor 
a 7T 


Therefore, work done against friction 


^ ^d2g\a 71 


(2) 


Subtracting Equation (2) from Equation (1), work saved 
by fitting air vessel 


= F X^X 
d2g 


(A V/2 1 


Percentage of work saved = 


2 1 

3-^XlOO 


= 84-8 per cent of frictional work. 


If pump is double acting, 

^Acor 

V = 2 

a 7T 

2 4 

Percentage saved 

"T” 

3 


89. Rate of Flow Into and From Air Vessel. Consider first 
the case of a single acting pump. The water in the pipe 
beyond the air vessel wiU have a constant velocity during the 
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whole cycle, wiiilst the water enters or issues from the cylinder 
during one stroke only. 

Velocity of flow to or from cylinder = —co?' sin 6 ft. per sec. 


Rate of flow to or from cylhider 
Velocity of flow beyond air vessel 

Rate of flow beyond air vessel 

Rate of flow from air vessel 


= x4 CO r sin 6 cu. ft. per sec. 
Aoyr 

= ft. per sec. 

a TT ^ 

A cor . 

= cu. ft. per sec. 

7T 

A cor ' ^ ^ 

= A cor sm 6 

TT 

= A cor^^~ sin 0^ 

cu. ft. per sec. 


If this equation is negative the water is flowing into the 
air vessel. It wiU be noticed that there are two points on the 

dehvery stroke at which sin 0 = — ; at these points there will 

TT 

be no flow either into or from the air vessel. 

Next, suppose the pump to be double acting. 

Then, 

2 A. cor 

velocity of flow beyond air vessel = ^ — 


and rate of flow beyond air vessel = 2 A — 


Rate of flow from air vessel = Acor sin 6^ cu. ft. per sec. 


89a. Pump Duty. The “ duty ” of a pump is a practical 
way of expressing the overall efficiency. For a pump driven 
by a steam engine the duty is the number of foot pounds of 
work given out by the pump for every 1,000,000 British 
thermal units supplied to the engine by the boiler. Hence it 
takes into account the efficiency of the pump and of the 
steam engine. 
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If the pump is delivering Fibs, of water per sec. against 
a head of H ft., 

work done by pump = WH ft. lb. per sec. 

No. of British thermal units supplied to engine per sec. 

_ / weight of steam \ ^ / total heat of 1 lb.\ 

~ V used per sec. / \of steam supplied / 

Duty of pump 

WH X 1,000,000 

~ (Wgt. of steam per sec.) x (total heat 1 lb. steam) 

Formerly, the term “ duty ” was the number of foot pounds 
of work given out by the pump per bushel of coal burned in the 
boiler. In this case the efficiency of the boiler is also included. 

If the term duty ’’ is applied to a pump driven by an 
electric motor, it is based on 1,000,000 British thermal units 
supplied to the motor. 

Examples 8. 

(1) Water is raised to a height of 60 ft. by a single acting pump having a 
bore of 6 in. and a stroke of 12 in. If the pump has a speed of 40 revs, per 
min., find the theoretical horse-power required and the theoretical discharge. 
Neglect all losses. 

A71S. — ^H.p. = *89 ; Q = 48’9 gallons per minute. 

(2) If the pump in Question (1) has an actual discharge of 47 gallons per 
min., find the percentage slip and the coefficient of discharge. 

Ans. — 3-81 per cent ; *962. 

(3) If the pump in Question (1) has a delivery pipe of 4 in. diameter, and 
a length of 50 ft., find the acceleration head at the beginning of the stroke 
when no air vessel is fitted. 

Ans. — 30*6 ft. of water. 

(4) If a large air vessel is fitted on the delivery pipe of Question (3), close 
to the cylinder, find the theoretical velocity of flow in delivery pipe and the 
pressure head in the cylinder necessary to overcome friction in the delivery 
pipe, if = '01.) 

Ans . — 1-0 ft. per sec. ; -21 ft. of water. 

(5) A double acting reciprocating pump (cylinder 4 in. diameter, stroke 
Sin.) makes 120 strokes per minute. It draws water from a sump, the 
surface of which is 6 ft. below the centre of the pump cylinder. If the total 
length of the suction pipe is 18 ft., and the diameter 2 in., determine the 
absolute pressure, in pounds per square inch, of the water in the cylinder 
{a) at the beginning, (6) at middle, and (c) at the end of the suction stroke, 
there being no air vessel on the suction pipe. Sketch the probable diagram 
for the stroke. State if separation is likely to occur, and give reasons 
Assume the piston has simple harmonic motion. (London TJniv., 1912.) 

Ans . — (a) 2*56 lb. per sq. in. 

( 6 ) 12.1 

(c) 21-7 
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(0) Discuss the conditions under which “separation” and “negative 
slip ” occur in reciprocating pumps. 

Sketch the form of indicator card obtained when (a) separation only, (6) 
separat ion, and also opening of the delivery valve occur during the suction stroke. 

The bore and stroke of a single acting reciprocating pump are 4 in. and 
8 in. respectively, and the plunger has simple harmonic motion. The suction 
pipe is in. in "diameter and 14 ft. long, and the centre of the pump is 12 ft. 
above the water in the sump. Determine the theoretical speed, in revolutions 
per minute, at which there will be separation, assuming it to occur when the 
pressure falls below 41b. per sq. in. (London Dniv., 1921.) 

Ans. — 73 revs, per min. 

(7) Explain fully the functions of air vessels when they are introduced on 
the suction and delivery pipes of pumps. (London Dniv. , 1911.) 

(8) A single acting reciprocating pump, 12 in. diameter, 20 in. stroke, with 
a large air chamber on the suction side, has a suction head of 8 ft. The 
suction pipe is 6 in. diameter, and 14 ft. long. The pump makes 40 working 
strokes per minute, and discharges at its own level. 

Neglecting all losses except those due to friction in the suction pipe 
(/ = -01), find the horse-power of the pump. 

If the plunger has simple harmonic motion, determine the rate of flow 
from the air chamber when the plunger is at the centre of its stroke. (London 
Univ., 1916.) 

Ans. — ^H.p. = *828 ; Q = 1*87 cu. ft per sec. 

(9) Briefly explain the reasons for placing air vessels on the suction and 
delivery pipes of a reciprocating pump. 

A single acting reciprocating pump has a plunger diameter of 10 in. and a 
stroke of 18 in. The delivery pipe is 4| in. diameter and 160 ft long. If 
the motion of the plunger is simple harmonic, find the horse-power saved in 
overcoming friction in the delivery pipe by the provision of a large air vessel 
when the speed of the pump is 60 revs, per min. Assume that / = *01. 
(London Univ., 1921.) 

Ans. — 7*52 h.p. 

(10) A plunger is fitted in a vertical pipe which is full of water, and whose 
lower end is submerged in a suction tank. It is moved upwards with an 
acceleration of oft. per sec. If air is liberated from the water when the 
absolute pressure falls below 4 ft. of water, and if the barometric hei’cr^t is 
32 ft. of water, what is the maximum height above the level in the suci io.’j mri U 
at which the plunger can operate without cavitation ? (A.M.I. Mech. E., 1926.) 

Ans. — 24-2 ft. 

(11) "What is meant by “separation” in a reciprocating pump? The 
plunger of such a pump moves with simple harmonic motion. The diameter 
is 12 in, and the stroke 2 ft. The suction pipe line is 9 in. in diameter and 
80 ft. long and the suction lift 14 ft. Calculate the maximum speed at which 
the pump can operate without separation occurring at the beginning of the 
stroke. Take the effective height of the barometer as 28 ft. of water. 
(A.M. Inst. C.E., 1926.) 

Afis. — 17 revs, per min. 

(12) What is meant by “ separation ” in a reciprocating pump ? In such 
a pump the cylinder diameter is 9 in. ; the suction pipe is 9 in. diameter 
and 60 ft. long ; the height of the pump above the level of the water in the 
suction sump is 15 ft. If the stroke is 18 in., and if the motion is simple 
harmonic, at what speed will separation occur at the beginning of the stroke ? 
Take the effective height of the barometer as 30 ft. of water, (A.M.I. Mech. E., 
1925.) 


Am. — 31-2 revs, per min. 
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IMPACT OF WATER 


90. Pressure on Stationary Plat Plate. When a jet of water 
impinges normally on a flat plate (Eig. 92) the force on the 
plate is equal to the rate of change of the momentum of the 
jet, or to the change of momentum per second. 

Let a = cross-sectional area of jet in square feet. 

y = velocity of jet in feet per second. 

and W = weight of w^ater striking plate per second. 

Then, W = waV 

The jet strikes the plate and leaves it tangentially, so that 
all its momentum in a direction normal to plate is destroyed. 

Force on plate = change of momentum per second 

r change of velocity 
^ / normal to plate 



wa 

lb. 

9 


If the plate is incflned to the jet, as in Fig. 93, the force of 
the jet may be resolved into a normal and tangential component. 

Let d = angle of inclination of plate to jet. 

Normal force on plate = (change of momentum per sec.) sin 6 
W 

= — X F X sin 6 
9 


mass of water strildng 
plate per second 


Tangential component 
of force on plate 
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This case would not be possible in practice as there would be 
a continually lengthening jet, the distance between the plate 
and nozzle increasing by v ft. every second. 

If, instead of a single plate, there is a continuous series of 
plates at a fixed distance apart and all moving in the same 
direction as the jet with a velocity v, the weight of water 
striking the plates is now equal to w a V. This condition 



n 

; 1 1 

L 77 All 


1 1 

— — = — r 

1 i 


ii 

1 1 

1 1 

1 1 


Fig. 9i 


would be obtained if the plates are all fixed radially around 
the circumference of a large wheel on which the jet impinged 
tangentially. (Fig. 95.) 

W 

Then, force on plates = “ 

■{V-v) 


Work done per sec. on plates = 


g 

wa V 

g 

jV-v) 

g 


(F - v)v 

V per lb. of water 


Energy supplied by jet 


= kinetic energy of jet per sec. 

WV^ 

~ ^g 

]72 

— —per lb. of water 


Efficiency of plates = e — 


work done per lb. of water 
kinetic energy of jet per lb. 
(V~v)v 

2{V - v)v 


g 

II 

% 


72 
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n 

; 1 1 
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ii 
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the circumference of a large wheel on which the jet impinged 
tangentially. (Fig. 95.) 

W 

Then, force on plates = “ 

■{V-v) 


Work done per sec. on plates = 


g 

wa V 

g 

jV-v) 

g 


(F - v)v 

V per lb. of water 


Energy supplied by jet 


= kinetic energy of jet per sec. 

WV^ 

~ ^g 

]72 

— —per lb. of water 


Efficiency of plates = e — 


work done per lb. of water 
kinetic energy of jet per lb. 
(V~v)v 

2{V - v)v 


g 

II 

% 


72 
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Differentiating and equating to zero for maximum efiSciency, 


From which, 


dv 


V 


V-2v = 0 

V 

2 


Then, maximum efficiency 



1 

2 


Flat plates used in this manner are called vanes, and a 
wheel of the tj^pe shown in Fig. 95 is Imowii as an undershot 
water wheel. 



Exawle. 


A jet of water 3 in. diameter and moving with a velocity of 40 ft. per sec. 
strikes a series of flat plates normally. If the plates are moving in the same 
direction as the jet with a velocity of 30 ft. per see., find the pressure on the 
plates, the work done per second, and the efficiency. 


Pressure on plates 


Work done per sec. 


= (V~v) 

9 

624 TT /IV 

~ W2 ^4 ^ (j j 

= 381b. 

= 38 X 30 
= 1140 ft. lb. 


X 40(40-30) 


2(7 ~v)v 


2(40-30)30 

1600 


== 37*5 per cent. 


Efficiency 
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92. Pressure on a Fixed Curved Vane. Consider the curved 
fixed vane of Fig. 96, and let a 6 be the normal at the centre of 
the vane. The jet strikes the vane at an angle of a to a b and 
leaves at an angle of the vane defiecting the jet through an 
angle of 180 - (a -f- j^)* The velocity of the jet is not changed 
in magnitude as it flows over the vane ; it is the direction 
only wMch is changed. The velocity of the entering jet in 
the direction a 6 is V cos a, and it leaves the vane vith a 
velocity component of - F cos ^ in the direction a b. 



Fig. 96 


Force on vane in direction ab = change of momentum per sec. 

_ W (change of velocity in direc^ 
~ g tion ab) 

W 

= — [F cos a - {- V cos P)] 


— — ( F cos a + F cos /?) 

where W = waV 

If the vane is semicircular, the angles a and p are each 
equal to 0, then, 

21F 

force on vane in direction ab = — F 

The force of a jet on a semicircular vane is thus twice as 
great as that on a flat plate. This is due to the fact that, with 

14— (5167) 
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a semicircular vane, use is made of the reaction of the leaving 
water wiiich exerts the same force on the vane in leaving as in 
entering. Tliis principle is made use of in the Pelton wheel. 

There will be a tangential force on the vane at right angles 
to a b. TMs will be equal to mass of water per sec. X change 
of velocity in a direction at right angles to a b. 



93. Pressure on a Moving Curved Vane. Suppose the curved 
vane of Fig. 96 is moving in the direction a b with a velocity v, 
and let the jet impinge on the vane with a velocity F, as before. 
The velocity of the water over the vane will be equal to the 
relative velocity of the jet to the vane, and may be found by 
subtracting the vectors of V and v. 

Let Vf — relative velocity between jet and vane at entrance. 

Eeferring to Fig. 97, draw a 6 to represent the velocity of 
the jet at entrance in magnitude and direction. Next draw a c 
to represent the velocity of the vane in magnitude and direction. 
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Then c h represents the relative velocity between the jet and 
the vane. If the water is to enter without shock, the vane at 
entrance miisfc be parallel to c b. 

The water will pass over the vane and leave with the 
velocity F^. The absolute velocity of the leaving w^'ater may 
be found by drawing the triangle of velocities at exit. 

Let Fi = absolute velocity with which water leaves vane. 

Draw d/ to represent the relative velocity F^ ; if the water 
leaves the vane without shock, F^ will be parallel to the vane 
at exit. 

Draw / e to represent v in magnitude and direction. Then 
d e gives the absolute velocity of the leaving water. 

The velocity of the entering water may be resolved into two 
components, one parallel to the direction of motion of the 
vane and known as the velocity of whirl, the other perpendicular 
to the direction of motion of the vane and Imown as the 
velocity of how. The same terms are also applied to the 
components of the velocity of the leaving water. 

Let Fu, = velocity of whirl at entrance 
= velocity of whirl at exit 
Vf = velocity of dow at entrance 
F/^ = velocity of flow at exit 

These are represented in Fig. 97 \>j a g, he, g b, and d h 
respectively. 

Let B = angle between relative velocity and direction 
of motion at inlet. 

and = angle betw^een relative velocity and direction of 

motion at outlet 

Then, if the water is to enter and leave the vane without 
shock, the angles of the blade at inlet and outlet must be 
made equal to B and (j> respectively. 

The force on the vane in the direction of motion is equal to 
the change of momentum per second of the w^ater in this 
direction. 

Or, 

W 

force on vane = y (F^ + F«,J . . . . (1) 

where W — weight of water flowing per second. 
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If tlie friction between tlie water and vane be neglected, 
the relative velocity at exit equals the relative velocity at 
entrance. 

Or, = T% >: 

From Equation (1), 

W 

Workdoneon vaneper sec. (7,^ + • • (2) 

If F«,i is in the same direction as the velocity of the vane, 
the equation then becomes 

Tf 

Work done per second = ( 7^^ - 7^^) 

The work done is also equal to the change of Idnetic energy 
of the jet per second. 

W72 w 7,2 

Or, work done per second = 

W 


Then, 


efficiency 


W 

^9 


( 72 - 7 , 2 ) 


W 

_1F2 

2/ 


= 1 - 



( 72 - 7 , 2 ) 

72 


(3) 


It foUoAvs from tills equation that, for a given angle a, the 
efficiency is a maximum when 7, is a minimum. This occurs 
when the angle <j> is zero, in which case, 

F,= 7,,^ = Vr~v 
If a also equals zero, 

7,= V~v 

Then, 7, = V-2v 

7 

Therefore, 7, = 0 when v =-^, 

Jj 

in which case the efficiency is ^ unity ; also the vane is 
semicircular. 
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Exaiviplb. 

A vane lias a velocity of 40 ft. per sec. Water impinges on the vane at 
an angle of 30° and leaves at an angle of 160° to the direction of motion. 
If the entering -water has an absol-ute velocity of 80 ft, per sec., find (1) the 
angles of the blade tips at inlet and outlet ; (2) the work done on the vane 
per pound of water ; and (3) the efficiency. 


(1) Referring to Fig. 97, 

V = 80 ft. per sec., = 40 ft. per sec., 
and p = 20°. 

From triangle of velocities at inlet, 

= 80 cos 30 = 69-3 ft. per sec. 

Yf = 80 sin 30 = 40 ft. per sec. 


tan 6 


yf 


40 

69*3-40 


1*36 


and 


Q 

F. 


= 53*7° 

~ sin 0 sin 53*7 


49*6 ft. per sec. 


a = 30° 


From triangle of velocities at outlet, 


F, 



Or, 

From which 

Therefore, 

Also 


49*6 ft. per sec. 


tan p ~ 


Yf^ sin <f> 
cos j)-v 


tan 20 = 


49-6 sin cf) 
49*6 cos ^ - 40 


tan^ = 


•364*- 


•294 
cos (f) 


4 > = 4 :^ 
j F^j sin 4° 
^ sin 20° 


49-6 X -0698 


10-12 ft. per sec. 


These results might also have been obtained by drawing 
the velocity triangles to scale. 
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(2) Work done per lb. 
of water 




= 3 ^ (69-3 + 10-12 cos 20) 40 


= 97-9 ft. lb. per sec. 

work done per sec. 

(3) Efficiency — energy supplied per sec. 

97*9 97-9 X 64-4 

( 80)2 

= 98-5 per cent. 



The work done might also have been found from the change 
of kinetic energy. 

Or, work done per lb.) 

of water ^9 ^9 

72 _ 7 2 

Efficiency = — ^ ^ ■ 


94. Flow over a Radial Vane. Suppose the blade of Eig, 98 
to be one of a series of blades fixed radially to the rim of a 
rotating wheel, 
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radius of wheel at exit 


CO == angular velocity of wheel 

t? = tangential velocity of blade tip at entrance 

v-^ = tangential velocity of blade tip at exit. 

Treat all velocities in direction of motion of wheel as positive. 
Tangential momentum of water ) ii, 4: 


striking blade at entrance 


per lb. of water per sec. 


Moment of momentum at 
entrance 


= r per lb . of water per sec . 


Tangential momentum of water 
leaving blade 


= per lb. of water per sec. 


Moment of momentum at exit 


= — ^ ri per lb. of water per 


Change of moment of momentum 
per lb. of water per sec. 


V ^1; T F^. 


= torque on 
wheel 


Work done by torque per lb. 
of water 




and 

Then, 


Work done on wheel per lb. of 
water 




If the water leaves against the direction of motion of the 


wheel, will be negative, and Equation (1) becomes 


W I 

9 


This equation is very important in problems dealing with 
turbines. 
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Example. 

A wheel having radial blades is 2 ft. radius at the outer tip of the blades 
and 1 ft. at the inner. Water enters the blades at the outer tip with a velocity 
of 100 ft. per sec. at an angle of 30° to the tangent, and leaves the blade with 
a velocity of flow of 14 ft. per sec. The blade has an angle of 40° at entrance 
and 35° k exit. Find the work done per pound of water entering the wheel, 
the speed of the wheel, and the efficiency. 

The triangles of velocities are shown in Fig. 99. 

Consider the triangle at inlet. 



Inlet Triangle 

Fig. 99 



— + y 

And = 20 - 13*5 = 6*5 ft. per sec. 

and is negative, as it is against the direction of motion of the 
wheel. 
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From Equation (1) 
work done per lb. of water 

g 9 

(86-6 X 27)-(-6-5 X 13-5) 
~ 32-2 

= 74*8 ft. lb. 


Speed 


V 27 

CO = ~ == — = 13‘5 radians per sec. 
13-5 X 60 


Efficiency 


= 129 revs, per min, 
work done 

~ kinetic energy supplied 
74-8 74-8 X 64-4 

““T^” 1002 


2g 

= 48*2 per cent. 

95. Propulsion of Ships by Jet. A ship may be driven 
through the water by the reaction of a jet of water issuing 
from the back or stem of the ship. The water is pumped into 
a tank carried by the ship ; the whole of the pressure head in 
the tank is converted into velocity head as it flows from, the 
sMp’s stern. 

Let V = velocity of ship in feet per second 
V = absolute velocity of issuing jet 
Vj. — relative velocity between jet and ship 

Then F, = i; + F (1) 

F 2 

Head of water in tank = 

= Energy supplied per lb. of water 
Weight of water issuing from orifice = wa Vj. 
where a is the area of jet. 


The momentum of the issuing jet relative to the surrounding 
, WV 

water is per second. This will be the change of momentum 

as the water had no momentum before entering the ship. 
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Therefore, 


irr. 


force propelling ship = — ^ lb. 

WT 

Work done per sec. == X v ft. lb. 

^ 9 

Substituting for F from Equation (1) 


Work done per sec. 

Energy supplied per 
sec. 


Efficiency 


9 

W Vr^ 

^9 

9 

W F 2 


ft. lb. 


2 {Vr-V)V 

' f7~ 


Differentiating and equating to zero for a maximum 

Vr-2v = Q 

dv 


from which v 

Then, 

maximum efficiency 


II 

2 


2 {2v-v)v 
{2vf 


~ 50 per cent. 

If the entrance to the inlet pipe of the pump is facing the 
direction of motion of the ship, the water will enter the pipe 
with a velocity v relative to the ship. This will reduce the 

Wv^ 

energy to be supplied by the pump by the amount . 

W 

Then, energy supplied -^ { F,.^ - ft. lb. per sec. 

The work done by issuing jet is the same as before. 

W{'V^~v)v 

The efficiency now equals ^ 
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Or, efficiency 


2{Vr-v)v 

''{V, + v) (V,-v) 
2v 

''v;n 


( 2 ) 


V 

If t? = which was the value for maximum efficiency in 


the first case, 


2v 


uO 

efficiency = =66*6 per cent. 


It will be noticed from Equation (2) that the efficiency 
equals unity when = v. This would be impossible in 
practice as there would then be no propelling force on the ship. 

The main advantage of jet propulsion is that it overcomes 
the difficulty of the racing of -the propeller in rough seas. 
Several naval ships have been fitted with jet propulsion as an 
experiment. It was found that although the actual jet was 
more efficient than the screw propeller, the mechanical efficiency 
of the pumps reduced the overall efficiency of the whole plant 
to a much lower value than that of the screw propeller plant. 

Jet propulsion is sometimes used in lifeboats. 

Example. 

A jet-propelled boat has a velocity of 12 miles an hour when the jet has a 
velocity of 35 ft. per sec. relative to the boat. If the area of the jet is 25 
sq. in., find the theoretical horse-power required to work the pumps. Assume 
that full advantage of the boat’s motion is obtained when scooping in the 
water. 


Weight of water discharged per sec. = w a F^ 


= 62-4 X 


144 


X 35 


Work done per sec. 


= 3791b. 

_ W{Y^-v)v 

~ g 

379 (^_ fl2 X 88\)12 X 88 

“3MP^“V""60 j ) eT” 
= 3600 ft. lb. 


3600 

550 


^ 6-55. 


Horse-power 
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Examples 9. 

(1) A Jet of water 2 in. diameter, having a velocity of 60 ft. per sec., 
impinges normally on a flat plate. Find the pressure on the plate (1) when 
the plate is at rest ; (2) when the plate is moving in the same direction as the 
Jet with a velocity of 20 ft. per sec. Find, also, the work done per second in 
the second ease. 

Ans.—(1) 1521b. ; (2) 67-5 lb. 1,350 ft. lb. 

(2) A 3 in. diameter Jet, having a velocity of 80 ft. per sec., strikes a flat 
plate, the normal of which is inclined at 30® to the Jet. Find the normal 
pressme on plate (1) when plate is stationary ; (2) when plate has a velocity 
of 40 ft. per sec. away from Jet. 

Ana.— (1) 5261b.; (2) 1271b. 

(3) A jet of water impinges on a series of hemispherical cups and is deflected 
tlirough ISO®. If the velocity of the jet is 100 ft. per sec., and that of the 
cups 40 ft. per sec., find the work done per pound of water striking the cups. 

Ans. — 149 ft lb 

(4) A Jet of water having a velocity of 100 ft. per sec. impinges on a series 
of vanes moving with a velocity of 50 ft. per sec. The Jet makes an angle of 
30° to the direction of motion of the vanes when entering, and leaves at an 
angle of 120°. Draw the triangle of velocities for inlet and outlet and find 
(1) the angles of the vane tips so that the water enters and leaves without 
shock ; (2) the work done per pound of water entering the vanes ; and 
(3) the efficiency. 

(1) 53°, 15-1°; (2) 149 ft. lb. ; (3) 96 per cent. 

(5) Water flows inwards over a series of curved vanes which are fixed to the 
rim of a revohflng wheel. The outer diameter of the vanes is 4 ft. and the 
inner diameter 2 ft. The angle between the Jet and the wheel tangent at 
inlet is 30°, and the water leaves the wheel with a velocity of 10 ft. per sec. at 
an angle of 120° to wheel tangent. Draw the velocity triangles at inlet and 
outlet, and find the best angles of the blades and the work done per pound 
of water if the Jet has a velocity of 120 ft. per sec. and the wheel makes 
300 revs, per min. 

Ans.— 55°; 14°; 208 ft. lb. 

(6) A vessel provided with a Jet propeller is driven at a speed of v ft. per sec. 
The water is discharged astern with a relative exit velocity of V ft. per sec. 
and the total Jet area is A sq. ft. Find in terms of these quantities (a) the 
propelling force on the vessel ; (6) the energy expended by the Jet in propul- 
sion ; (c) the efficiency of the Jet. State what conclusion can be drawn from 
these results, and why a vessel can be more efficiently driven by means of a 
screw propeller. In a Jet-propelled vessel the water is discharged through 
two 9 in. orifices. The Jet efficiency is 73 per cent, and the combined efficiency 
of the engine and pumps 45 per cent. Find the indicated horse-power 
required to drive the vessel at 13 knots. [Weight of sea water, 64 lb. per cu. ft. ; 
1 toot = 1*69 ft. per sec.] (London TJniv., 1912.) 

Ans. — 133-2 h.p. 

(7) A 42 -in. pipe is deflected through 90°, the ends being anchored by tie 
rods at right angles to the pipe at the ends of the bend. If the pipe is 
delivering 63 cu. ft. per sec., find the tension in each tie rod. (London 
Univ., 1913.) 


An5.— 7961b. 
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(8) A jet of water ha\iiig a velocity of 50 ft. per sea, and making an angle 
of 45® with the horizontal impinges on a vane mo\ing horizontally with a 
velocity of 25 ft. per sec. Find the shape of vane to give the best results 
and the angles at the entering and leaving tips. 

Fmd the horizontal pressure on the vane per poimcl of water striking per 
second. (London Univ., 1914.) 

0; 1*47 lb. 

(9) A square plate weighing 281b., and of uniform thickness and 12 in. 
edge, is hung so that it can swing freely about the upper horizontal edge, A 
horizontal jet | in. diameter and having a velocity of 50 ft. per sec. impinges 
on the plate. The centre line of the jet is 6 in. below the upper e%e of 
the plate, and when the plate is vertical the jet strikes the plate normally 
and at its centre. Find what force must be applied at the lower edge of the 
plate in order to keep the plate vertical. 

If the plate is allowed to swing freely, jSnd the inclination to the vertical 
which the plate will assume under the action of the jet. (London Univ., 1919.) 

im— 7-425 lb.; 32°. 

(10) A motor-boat with jet propulsion draws 10 cu. ft. per sec. through 
orifices amidships and discharges it astern through orifices having an efective 
area of *5 sq. ft. If the boat travels at 10 miles per hour, find the propelling 
force. (A.M.I. Mech. K, 1922.) 

1031b. 

(11) A circular jet of water delivers 2cu. ft. per sec. with a velocity of 
80 ft. per sec., and impmges tangentially on a vane moving in the direction 
of the jet with a velocity of 40 ft. per sec. The vane is so shaped that, if 
stationary, it would deflect the jet through an angle of 45°. Tlnough what 
angle will it deflect the jet ? "V^Tiat driving force will be exerted on the vane 
in its direction of motion ? (A.M.I. Mech. E., 1922.) 

22-5°; 45*5 lb. 

(12) A tank from which water is discharging under a constant head E, is 
mounted on frictionless wheels, so that the direction of motion is opposite 
to that of the jet, which issues from an orifice A sq. ft. in area in one side. 
What force in pounds applied horizontally would just prevent movement of 
the tank ? If the tank moved with velocity v, and the jet issued with velocity 
F, what would then be the force causing motion, the work done per second, 
and the efficiency ? For maximum efficiency, what will be the ratio of F 
tov? (A.M.L Civil E., 1922.) 

(13) A free jet, whose sectional area is 3 sq. in., and whose velocity is 80 ft. 
per sec., impmges tangentially on a smooth vane which diverts its direction 
through 120°. What is the magnitude and direction of the resultant force 
on the vane. (A.M.L Mech. E., 1926.) 


Ans. — 80- 6 lb. at 60°. 



GKIPTER X 

WATER TURBINES 

96. Classification of Turbines. Power was formerly obtained 
from water by means of water wheels which were revolved 
either by the weight of the water or by the impulse of the 
stream. Such wheels are now obsolete and have been replaced 
by the water turbine. 

"The rotation of the turbine wheel or runner is caused by 
water flowing over curved vanes fixed to the rim. The action 
of these curved blades is to change the velocity of the water, 
both in magnitude and direction. The impulse given to the 
wheel is entirely due to this change of velocity of the water 
flowing through it. Actually, the force tending to rotate the 
wheel is due to the centrifugal force of the water as it passes 
over the curved vane. In principle, it is the same as the 
outw’ard force on a railway curve due to a train passing round 
the curve. No rotating force is obtained from the static 
pressure of the w^ater. 

Turbines may be divided into two main classes : (1) reaction 
or pressure turbines, and (2) impulse or velocity turbines. 
In the reaction turbine the water enters the wheel under 
pressure and flows over the vanes. In passing over the vanes 
the pressure head is converted to velocity head and is finally 
reduced to atmospheric pressure before leaving the wheel. 
The water leaves the wheel with a large relative velocity but 
a small absolute velocity, practically the whole of its original 
energy having been given to the wheel. 

Let H = total head of entering water 
and Vi = velocity of leaving water. 

y 2 

Then, energy given to w4eel per pound of water ~ E - 

Ig 

In the reaction turbine the total head E consists partly of 
pressure head and partly of velocity head. As the water is 
under pressure, the wheel must run full and may, therefore, 
be entirely submerged below the tail race ; it may also discharge 
into the atmosphere or it may be placed 30 ft. above the foot 
of the fall and discharge into a suction or draught tube. The 
222 
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water must be admitted into a reaction turbine over the 
whole circumference of the wheel ; the power is difficult to 
regulate without loss. 

In the impulse turbine ail the energy of the water is converted 
into velocity before entering the wheel by expanding through 
a nozzle or guide vanes. The pressure of the -water is atmo- 
spheric, hence the wheel must not run full ; in wiiich case, it 
must be placed at the foot of the fall and above the tail race. 
The water may be admitted over part of the circumference 
only or over the whole circumference. 

Let F = velocity of entering water 
72 

then, H =-^ 

2g 

Y 2 

Energy absorbed by wheel per pound of water = if--— 

_I! Zl 

““ 2g 

Both types of turbines may be sub-divided into classes 
based on the direction of flow of the water through the wheel. 
If the flow of the water is radial the turbine is known as a radial 
flow turbine and may be an inward flow or an outward flow, 
depending on whether the water enters at the outer circum- 
ference and flows inwards towards the centre, or enters at the 
centre and flows outwards. If the water flows parallel to the 
axis of the turbine it is known as an axial flow or parallel flow 
turbine. In some of the latest types of turbines the flow is 
partly radial and partly axial ; such turbines are known as 
mixed flow turbines. 

97. Notation. The following notation will be used for aU 
types of turbines — 

F = absolute velocity of entering water 
Fj — absolute velocity of leaving water 
V = tangential velocity of wheel at inlet 
= tangential velocity of wheel at outlet 
= velocity of water relative to wheel at inlet 
Vr^ ~ velocity of water relative to wheel at outlet 
F«, = velocity of whirl at inlet (Art. 93) 

= velocity of whirl at outlet 
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== velocity of flow at inlet (Art. 03) 

= velocity of flow at outlet 
r = radius of wheel at inlet 

fj = radius of wheel at outlet 

' a = angle entering water makes with wheel’s, tangent 
^ = angle leaving water makes vith wheel’s tangent 

0 = angle of blade tip at inlet 

<j) = angle of blade tip at outlet 

W = weight of water entering wheel in pounds per second 
H = total head of water supphed 
e = hydraulic efficiency of turbine 
71 = number of revolutions per minute 

N = number of blades in wheel 
t = thickness of blades 
b = breadth of wheel at inlet 

bi = breadth of wheel at outlet 

98. Reaction Turbines, (a) Oittwaiid Plow Ttobine. The 
outward radial flow turbine consists of a wheel in the shape 
of a cyhndrical disc mounted on a shaft and having blades 
around the perimeter (Fig. 100). The water flows into the 
wheel at the centre and passes through fixed radial guide 
blades into the moving blades. The object of the fixed guide 
blades is to guide the water into the moving blades at the 
correct angle a. The water passes through the moving, blades, 
causing them to rotate, and is discharged at the outer edge. 
The wheel is surrounded by a water-tight casing and may run 
in a vertical or horizontal position. It may be submerged 
below the tail race or placed in a suction or draught tube* 
above the foot of the fall. The latter position is the more 
convenient, as the wheel is then more accessible. Being a 
reaction turbine, the water in the wheel is under pressure ; the 
wheel must, therefore, run full. 

The flow of water through the wheel may be regulated by 
a cyhndrical sluice gate situated between the moving blades 
and the guide blades. This is very unsatisfactory owing to 
the loss of head due to contraction when the gate is partly 
closed. 


* See Fig. 116 . 
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The revolving wheel causes a centrifugal head to be impressed 
on the water passing through it. This increases the relative 
velocity of the water in the outward flow type and consequently 
tends to increase the quantity of water passing through the 
wheel. If there is a slight increase in speed, the centrifugal 
head is increased and the wheel tends to race. 

The efficiency is increased by discharging the water radially, 
in which case the velocity of 
whirl at outlet is zero. 

The triangles of velocity for 
inlet and outlet are shown in 
Mg. 101. 

It should be noted that — 

F«, = F cos a 
Vf = Fsina 
F,. sin 0 = F sin a 
F,.cos0 = V^-v 

2TT7ir 

'W 


V = m — ■ 



Also, 


V r 


Fig. 100 




OvUet Triangle. 


Fig. 101 


From velocity triangle at outlet, 

Vr, COsf = Vi + 

Ftoi == Ficos/? 

F/^ = Fjsin^ 

Fisinj^ = F^j sin ^ 

If discharge is radial ^ = 90^ then F«, = 0, and F, = V. 

15— (5167) ^ 
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From Equation (1). Art. 94, 

work done on wheel per pound 
of water 

Energy lost per pound of water 
passing through wheel 

Therefore, 

g g 2 ^ 


uA' ^ It’t 

g ~ g 



( 1 ) 


It should be noted that in a reaction turbine E does not 
equal 


Hj^draulic efficiency = 



H 


” gH 

If the discharge is radial, Equation (1) becomes 

g 2sf 

Radial area of flow at inlet = (27rr - Nt)b = h 27rf 6, where 
^ is a factor which allows for area of blades. 


Volume of water flowing ) 
through wheel per second j ~ \^7Tr~Nt)oVf 

Radial area of flow at outlet = (27rri - Nt)hi = 2 ^r 3 b^, 

Jcj^ being the blade factor at outlet. 

As quantity of water flowing through wheel at inlet equals 
quantity flowing at outlet, 

Vf _ {27rri - Nt)bi 27rri bi 

F/j {27Tr-Nt)b h27rrb 

(6) Inwaed Flow Tubbln-e. The inward radial flow 
reaction turbine is similar in principle to the outward flow, 
except that the water enters the wheel at the outer periphery 
and flows radially towards the centre ; it then leaves the 
wheel in a direction parallel to the axis. The fixed guide 
blades surround the revolving blades externally, and the whole 
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is surrounded by an outer casing. The centrifugal head 
impressed on the water by the revolving wheel is now acting 
against the radial flow of the water, so that any increase in 
speed of the wheel will tend to reduce the quantity of flow 
through the wheel, and consequently reduce the power. This 
is an advantage, as it tends to prevent racing. The wheel 




Gmde 

Vanes 


\\\ 




"Moving 

Vanes 


may be placed below the 
level of the tail race or in 
a suction tube above the 
foot of the fall. The 
highest efficiency is ob- 
tained when the discharge 
is radial and when the 
velocity of the leaving 
water is as small as 
possible. 

The method of solution 

and the equations for an inward flow turbine are the same as 
given for the outward flow turbine. 

(c) Axial Flow Turbine. In this type of reaction turbine 
the water enters the wheel at the side and flows parallel to the 
axis (Fig. 102). It is sometimes known as a parallel flow 
turbine. The triangles of velocity and equations for this 
type of turbine are the same as for the radial flow types, except 
that the radius of flow is now constant. Therefore, 


I 

Fig. 102 


Then, 


v — and Vf = 7/^ 


work done per pound of water = 




9 


9 


_ v{y.-y.,) 

9 

It is usual for the water to leave in a direction parallel to 
the axis. 

{d) Mixed Flow Turbine. The mixed flow reaction turbine 
is a combination of the inward radial flow and the axial flow, 
and is obtained by curving the blades in two directions. The 
type of blades for this turbine is shown in Fig. 103.* The 
water flows into the wheel radially and leaves at the centre 
axially. 


By courtesy of Messrs. Boving & Co. 
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Exaiviple 1. 

Determine the hydraulic efficiency of a low head inward flow reaction 
turbine in which the guide blades make angles of 25® with the tangents to 
the blade circle and the receiving tips of the runners are inclined 105® to the 
tangents. The discharge is radial, the velocity of flow constant, and the 
water passes on to the moving blades without shock. 

Calculate the velocity of flow if the supply head is 15 ft. (London Univ., 



{Boving) 

Fig 103. — ^Runner of Mixed Flow Reaction Turbines 


Referring to Eig 
a - 
6 •- 
P - 

Vf - 

y. - 


V 


101 , 

= 25° 

= 105° 

= 90° 

= F sin 25 
= F cos 25 

= -9063 F~ 


= 4226 F 
= -9063 F 
4226 F 

: — = 1-0195 F 



As 

Work done 


WATER TURBINES 

F., = 0, 

_ V^v_-9063V X 1-0195 V 
^ 9 9 

»924 72 

” T"” 


Energy rejected 


(4226 7)^ 
2g ^ 2g~ 2g 


>0895 
“ 9 

•924 72 

. g -924 

Efficiency ~ ^^4 72 .0895 7^ "" *924 + *0895 

•924 

= roT35= 


Or, 

Then, 


and, 


H = 


15 = 


g ^ 2g 

1-0135 F2 


g 




15 X 32*2 
1*0135 


== 2 1-8 ft. per sec. 
Yf = -42267 
= -4226 X 21-8 
= 9-24 ft. per sec. 
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Example 2. 

An inward flow turbine works tmder a total head of 90 ft. The velocity of 
the wheel periphery at inlet is 50 ft. per sec. The outlet pipe of the turbine 
is 1 ft. diameter, and the turbine is supplied with 50 gallons of water per 
second. The radial velocity of flow through the wheel is the same as the 
velocity in the outlet pipe. 

Neglecting friction, determine (a) the vane angle at inlet ; (6) the guide 
blade angle ; (c) the horse-power of the turbine. (London XJniv., 1917.) 

As 7i = Yf^ the discharge is radial. 

Then, 7«, == 0. 



230 


HYDRAULICS 


Assume the turbine to be a reaction turbine, 
y discharge 50 ^ 

/ — 1 — — q^24, X *785 ”” 

g ~ ^ 2g 


= 10-21 ft. per sec. 


Then L^O-90-ii^ 

’ 32-2 “ ” 64-4 

and, Vfj, = 56-9 ft. per sec. 

The triangle of velocity at inlet may now be drawn to scale 
and the values of 6 and a measured. Or, they may be 
calculated from Fig. 101 as follows, 

Vf 10-21 

tan a .1796 


tan 6 = 


a = 10-2° 

F„ -? 
9 = 55-8°. 


Work done per pound of water = ■ 


56-9 X 60 


= — 88-38 ft. lb, 

jjp _ W X work done 
660 

60 X 10 X 88-38 
660 ^ 

Example 3. 

An inward flow reaction turbine is supplied with 21 cu. ft. of water per 
second under a head of 50 ft. It develops 100 h.p. at 375 revs, per min • the 
imer and outer diameters of the wheel are 20 in. and 30 in. respectively. 
The velocity of the water at exit is 10 ft. per sec., and it leaves the wheel 
radially. Determme the actual and theoretical hydraulic efficiencies of the 
wheel. 

If the_ actual hydraulic efficiency of the wheel were 84 per cent, find the 
angles for the guide and wheel vanes at inlet. Assume the 
width of wheel constant. (London TJniv., 1914.) 

30 375 


v^= 49-1 X = 32*7 ft. per sec. 



]YATER TURBINES 


231 


As width of wheel is constant, 

ZL_!i 

Vf, r 


Ff = 10 X ^ — 6-67 ft. per sec. 


As discharge is radial, 

Fi = F,. 

Theoretical work done per 
pound of w'^ater 


4845 ft. lb. 


Theoretical hydrauhc efficiency 

Actual work done per pound ) 
of w^ater ) 


96*9 per cent 


H.P. X 550 
W 

100 X 550 


21 X 62-4 


= 42 ft. lb. 


Actual efficiency 
As discharge is radial, 
theoretical work done per pound 


== — = 84 per cent 


= 31-8 ft. per sec. 

The values of a and 6 may be found by drawing the velocity 
triangle at inlet to scale, or, 

Vf 6*67 

tan a ==y~ = — = -2097 


Hence, 


a = 11-9° 


tan (180-6) 


= *385 


0 = 158-9°. 


Hence, 
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Example 4. 

An outward flow reaction turbine has a speed of 200 revs, per rain., and a 
constant breadth of 9 in. The diameter of the wheel at inlet and outlet are 
5 ft. and 6 ft. respectively. The wheel works under a total head of 120 ft. 
and the quantity of water passing through the wheel is 200 cu. ft. per sec. 
If the hydraulic efficiency is 90 per cent, find the angles of the blades and 
guide vanes. 

Work done per pound of water — H ~ — = '9H 

From which, ~ V'l x 64-4 X 120 
= 27-8 ft. per sec. 

, n 


V — Ttd 


60 


200 

= TT X 5 X = 52-4 ft. per sec. 
6 

pj = 52-4 X w = 02-8 ft. per sec. 
o 


L = 


Quantity per second 
radial area of flow 


200 


200 
, 9 

TTdX- 




— X g- — 14*2 ft. per sec. 

Referring to outlet triangle of Fig. 101, 

. n 14-2 

^ = 30*5° 

7^^ = Vi cos p — 27*8 cos 30-5 
= 23*9 ft. per sec. 

Vf, 14-2 


Hence, 


Then, 


tan 0 = 
4, = 


% + 62-8 + 23-9 


= -164 


10 ^ 


= eH 


That is, 
From which, 




32-2 

F. 


32*2 
37*4 ft. per sec. 
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Referring to inlet triangle of Fig. 101, 

Vf 17 

tan a -j-- — - -455 
Then, a = 24-5° 

17 

tan e == - . ; = - 1 -132 


V^-v 37-4 -52-4 
Therefore, 6 = 131-5° 


99. Impiiise Turbines. The problems dealing with impulse 
turbines may be solved in a similar way to the reaction turbine 
problems, but the following points should be noted — 

1. The turbine must not run full ; the pressure is atmospheric 
throughout. 

2. The total head is converted to velocity before entering 
the wheel. Then V = V2gH, This is sometimes stated as 
V = Jc V2gH, where ^ is a coefficient which takes into account 
losses in the nozzle or guide vanes. 

3. As 7 = V2gHy the hydraulic efficiency may be stated 
72- 7^2 

S'S ^-2 

4. The velocities of flow 7/ and 7/^ depend on the radial 
area and on the amount the wheel is full. 


{a) Radial Flow Titebinb. The flow may be inwards or 
outwards. The water enters the wheel through fixed guide 
blades as in the reaction turbine. As the water flows over 
the moving vanes, a centrifugal head is impressed on it by the 
revolving wheel, which is immediately converted to velocity 
head. This increases the relative velocity of the water in 
an outward flow and decreases it in an inward flow. The 
centrifugal head given to the water was proved in Art. 26 to be 


V 


2 

1 


2^g 2g 


Then, 


2g 2g \2g 2g ) 


( 1 ) 


If the flow is inward, the relative velocity is thus reduced by 
the centrifugal force. This makes the speed of the inward 
flow turbine easier to control than that of the outward flow. 
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A small increase of speed of the wheel due to a temporary 
ligiiteiiiiig of the load, increases the centrifugal force, wMch 
decreases the liow through the wheel and consequently decreases 
the power. The wheel thus tends to automatically adjust 
itself to the load. With the outward flow turbine, the centri- 
fugal force increases the flow and the wheel tends to race. 

The radial flow impulse turbine is not suitable for very low 

falls, as the wheel must 
be placed above the foot 
of the fall in order that 
it does not run full. A 
certain amount of the 
fall is thus lost. In a 
high fall this amount 
is not noticeable. The 
efficiency is greatest 
when Fj is as small as 
possible. 

In an impulse turbine 
it is possible to regulate 
the flow through the 
wheel without loss. The 
water need not be ad- 
Fig. 10 ' mitted over the whole 

circumference, as the 
pressure is atmospheric. The flow may therefore be regulated 
by means of a revolving gate (Fig. 104), which, when turned, 
completely shuts off the flow in the vanes covered by it, without 
interfering with the flow in the remaining vanes. 

This method of regulating the flow is used in the Girard 
impulse turbine. In this type, the water is admitted to two 
opposite quadrants of the wheel when the revolving gate is fully 
open, the remaining two quadrants being covered by the gate. 

(6) Axial Flow Turbine. The same conditions governing 
the radial flow impulse turbine apply to the axial flow impulse 
turbine. Except that in this type there is no centrifugal head 
impressed on the water as v — therefore the relative 
velocity is constant. ^ 

The maximum efficiency occurs when 7i is as small as 
possible. 
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The chief types of axial floAv impulse turbines are the 
Girard and the Pelton wheel. The latter type differs from 
the ordinary turbine and is dealt with separately in Art. 10 L 

Example 1. 

The mean blade circle diameter of the nmner of an axial flow impulse 
turbine of the Girard type is 4|- ft. The guide blade angle is 24°, the recoirir g 
and discharging angles of the runner blades being 48° and 23° u'spoci ivi'ly. 
The breadth of the moving blades at inlet is 4 in. 

Calculate the speed of the turbine so that the water may pass smoothly on 
to the blades when the turbine is working under a head of 280 ft., and find 
the horse-power developed if, with full circumferential admission, the passages 
are 85 per cent full at inlet. (London Univ., 1921.) 


The velocity triangles are shown in Fig. 105. 




V = v' 25 (fi'= v'64-4x 280 = 134ft.persec. 

Vf = V sin 24° = 134 x -4067 = 64-5 ft. per sec. 
.V„ = V cos 24° = 134 X -9135 = 122-3 ft. per sec. 

^ '^3-2 ft. per sec. 

= V, as the turbine is an axial flow. 


Trd 


60 


That is, 


73-2 = tt X 4'5 X 


60 


From which, n == 311 revs, per min. 


V, 


Vf 54.5 


sin 48 = :^ =’3-2 ft- 
= Fr = 73*2 ft. per sec., 
as the turbine is an axial flow impulse. 
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Vv,, = «1 - Fr, COS 23 

= 73-2 - (73-2 X -9205) = 5-8 ft. per sec. 

work done per pound = — 

(122-3 X 73-2) (5-8 X 73-2) 

- 32^2 32^2 

= 265 ft. lb. 

Quantity of water per second = 6X7TdxF/X*85 
4 

=^^X7r X X 54-5 X -85 

= 218 cu. ft. per sec, 

W X work done per lb. 

Horse-power = 

218 X 62-4 X 265 
“■ 550 

== 6550 

Example 2. 

In an outward-flow impulse turbine the available head is 81 ft. The rim 
speed of the wheel at inlet is •4V 2gr guide vane angle and wheel vane angle 
at outlet are 20®, inlet radius -75 ft., outlet radius 1 ft. The velocity of the 
water in the guides is 95 per cent of the theoretical velocity due to total head. 
The losses in the wheel to be taken as 6 per cent of total head. Find the 
hydraulic efficiency. 

If the depth of the guides is -25 ft., what would be the horse-power of the 
turbine if used with ai^ission over one-quarter of the circumference, allowing 
10 per cent loss of area due to vanes ? (London Univ., 1913.) 


Referring to velocity triangles of Fig. 101, 

V = = AVeiA X 81 = 28-95 ft. per sec. 

vr-i 1 

Vi = — = 28*95 x^= 38*6 ft. per sec. 


V 

F„ 

Fr 

tan 6 
Then, 6 


F. 


= '^5V2gH =-95V64*4x 81 = 68-6 ft. per sec. 
= V cos 20 — 68*6 X *9397 = 64*5 ft. per sec. 
= V sin 20 = 68*6 X *342 == 23-45 ft. per sec. 

Vf 23*45 

F«,- 2 ; ■”64-5 -28*95“ 

= 33-4" 

Vf 23-45 
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Using Equation (1), Art. 99, and allowing for 6 per cenfc of 
total head loss in vanes, 




•om 


2g 2g \2g 2g , 

That is, == 42-62 _ ( 23.952 - 38*62) - (-06 x X 81 ) 

From which, — 46*5 ft. per sec, 

= F,^ COS 20-^1 

= (46-5 X -9397) -38-6 
= 5 ft. per sec. 

Work done per pound = 

(64*5 X 28*95) (5 X 38*6) 

32*2 32*2 

= 64 ft. lb. 

Work done per pound 64 X 64*4 


e = 


Radial area of flow ) 
at inlet ) 


Y1 

= 87*5 per cent 


( 68 * 6)2 


Quantity of water ) 
per second ) 


Horse-power 


1 90 

= .X1-5x-25XjXj55 

= -265 sq.ft. 

= -265 V, 

= -266 X 23-46 = 6-22 cu. ft. 

W X work done per pound 
^ 550 

6-22 X 62-4 X 64 


660 


= 45-1 
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100. Summary of Equations for Turbine Problems. The 

following is a tabulated summary of equations and conditions 
governing all classes of turbines, which will be useful for 
reference when solving problems on turbines — 



Impulse. 

Reaction. 

Radial and 

V = V2gH 


axial flow 

Work done 1 

]3er pound ) g g 

-9 -9 

F2 _ 7 2 

Hj- draulic efl. == yT^ 

Wlieel must not run full. 

Fy. depends on area of flow 
and on amount full. 

Pressure is atmospheric 

Work done) 

per pound ) g g 

y 2 

Hydraulic efl. = =~- 

H 

VTieel must run full. 

depends on area of flow. 
J^ssure varies throughout 

Radial flow- 


Hi == II 

only 

V r 

III - II ±(^1 . 

2g 2g \2g 2g/ 

V T 

Axial flow 

V — V-, 

V =*= Vj 

only 

(1 

- 


101. Types of Turbines, (a) Baeker’s Mill oe Scotch 
Turbine. This is a simple type of reaction turbine which is 
now obsolete.* It consists of a revolving cylindrical tank 
having arms through which the water is discharged backwards, 
as shown in Fig. 106, Problems on this type of turbine may 
be solved from the ordinary methods applied to reaction 
turbines. The velocity diagrams for inlet and outlet may be 
drawn in the same manner as in Fig. 101. It should be noted 
that the arm corresponds to the moving vane. As the water 
enters the vane radially and at the centre, 
a and d — 90° 

V ~ 0 

7 , = 7 , =7 

The triangle at inlet thus becomes a radial line as showii in 
Fig. 107. 


* It has recently been revived as a lawn sprinkler. 
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Consider the velocity triangle at outlet. As the water 
leaves tangentially, 

^ and <j> — 0 

F,. = 0 

The velocity triangle at 
outlet is thus a horizontal 
line (Fig. 107), from which; 

F., ^ v,+ V, . , (1) 

Work 

done per _ F^, v F^^ 
pound of “ - g 

water 


= 0 + 


= H- 


( Ff, - vi)t>i 

9 

(From Eq. 1) 

Zl 

where H = head of water 
in tank. 


Total energy supplied ) 
per pound of water k—B — 




Inlet Trixuigle 



OnHei Trictngle. 
Fig. 107 


Substituting for from Equation 1, 


E = 


(Fri-«>1 (F,,-«i)’ 

? 2(7 

■ 2? 

2(F,.-'yi)tJi_ 2t>i 

■ ~V,,+v 


Efficiency 
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(b) Fouekeyeok Turbine. This is an outward radial flow 
reaction type and was the first successful reaction turbine to 
be made. It has been used for heads of 1 ft. to 360 ft. and 
has an efficiency of about 75 per cent. It is governed by a 
cylindrical sluice gate which fits between the moving and fixed 
blade rings. As throttling the supply in this way causes a 
loss of head due to sudden contraction, transverse diaphragms 
are fitted through the blades which divide the wheel into four 
sections, as shown in Fig, 108. The cylindiioal gate may then 
close one or more sections completely without causing any 
loss of head. 

(c) Francis Turbine. The Francis turbine is an inward 
flow radial reaction type and was the first type of inward 



flow to be constructed. This has the advantage of the centri- 
fugal force acting against the flow, which reduces the tendency 
to race. The flow is regulated by a sliding cyhndrical sluice 
gate placed inside or outside of the blade ring. 

(d) Thomson Turbine. This is an inward flow reaction 
turbine. The turbine wheel is surrounded by an eccentric 
chamber called a vortex chamber (Fig. 109). The water 
enters the wheel at the largest part of the chamber and is 
guided to the moving blades by four pivoted guide blades. 
The flow may then be regulated by closing up the guide blades, 
which varies the supply to the whole of the wheel’s circum- 
ference. No loss of head then occurs, as there is no contraction 
of section. The width of the wheel is varied, so that the radial 
area of discharge equals the radial area at inlet ; the velocity 
of flow is, therefore, constant. 
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(e) JoNVAL Turbine. The Jonval is an axial flow impulse 
turbine. The simplest type consists of one horizontal ring of 
moving blades into which the water is directed by guide vanes 
placed above. The flow is regulated by a horizontal sluice 
which closes parts of the wheel. 

A later type of Jonval wheel consisted of several concentric 
rings of moving blades. The power may then be regulated 
by closing one or more rings completely. 

The invention of the suction tube is also due to Jonval. 

(/) Girard Turbine. There are two types of Girard 
turbines, an axial flow and a radial flow ; both are impulse 



wheels. They may be used for heads up to 1,700 ft, and have 
an over-all efficiency of about 75 per cent. The guide passages 
do not extend over the wffiole circumference but over two 
opposite quadrants. The water supply is varied by a sHding 
circular sluice gate (Fig. 104) which completely shuts ofl the 
flow through the vanes it covers. By turning this sluice the 
flow may be stopped through as many vanes as required. 
This prevents any loss of head due to contraction when running 
at part gate.’’ The wheel of the axial flow is usually placed 
vertical, the radial flow may be horizontal or verticaL 

;6-~(5I67) 
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{g) Pelton Wheel. The Peltoii wheel is a special type of 
axial flow impulse turbine and is used for very high heads. 
It is the most efficient type of impulse wheel, having an 
overall efficiency of 84 per cent. This type of wheel has been 
evolved from an earlier type of waterwheel used in the mines of 
California. 



Fig. 110. — ^Pelton Wheel 


The jet impinges on the wheel from one or more nozzles and 
strikes the blade at the centre (Fig. 110), flowing axially in 
both directions. The blades are known as buckets and consist 
of a double hemispherical cup (Fig. 111). As the water flows 
axially in both directions, there is no axial thrust on the wheel. 
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The flow of water through the w'heel may be regulated by a 
throttle valre in the supply pipe or by a needle valve in the 



Fig. 111. — Felton Wheel Buckets (Exteenal Views) 


nozzle. The buckets are so shaped that the jet is discharged 
backwards. Usually, the total deflection of the bucket is 160° 



(Fig. 112). An arrangement of a Pelton wheel, showing 
nozzles, made by Sir W. G. Armstrong, Whitworth & Co., is 
shown in Fig. 113. 
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The work done and efficiency of the Pelton wheel may be 
obtained from the velocity triangles as in the case of an 
ordinary axial flow impulse turbine. 



Fig. 113. — Aerajntgement of Pei.ton Wheel 

For a Peltcn wheel, 

6 = 0 

Also, a = 0 

Then, velocity triangle at inlet is a horizontal straight line, 
as shown in Fig. 114. 



OuUet TrioTigle 


Hence, = V-v 

And, F„ = F = V2^ 

F, = 0 

From triangle at outlet (Fig. 114), 

= V 

= F,= V-v 

Ftcj = Vr^cos<j^~Vi 

= (F- v) cos 
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Work done per pound | ^ F 


of water 


tci 

9 


r 

^ ^ , [(V - ‘^) cos (l)-v]v 

g 

= — [Vv + v{Y - v) cos ^ - v^] 
= eH 


(U 


= H- 


^9 


The best speed of the wheel will be when the work done per 
pound of water is a maximum. Differentiating Equation (I) 
for a maximum. 

V + (V~2v)cos<l>-2v = 0 


From which, 
Hence, 


dv 


^ 2 


F(1 + cos - 2v(l + cos ^) = 0 
F 


Therefore, the speed of the wheel for maximum efficiency 
win be equal to half the speed of the jet. 

Li practice it is found that the maximum efficiency is when 
the speed of the wheel is *46 F. 

1 [Fi; 4- i?(F - 1 ’) cos (f> - v^l 


Efficiency 


Putting 


II 

^9 


V — 


Maximum efficiency = 


, yn 


yz 


= 9(1 +cos^) 


When ^ = 0, the efficiency is equal to unity. 

It will be noticed that the deviation of the jet is 180 - 
The following rules are used for the proportions of the buckets — 
Let d = diameter of jet 

Depth of bucket = l'2i^ 

Width of bucket = 5d 
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The number of buckets may be obtained by arranging them- 
so that the jet is always completely intercepted by a bucket. 

Let E be the mean radius of bucket circle and y be the 
angle subtended by two adjacent buckets (Fig. 115). If the 
jet is to be always intercepted, one bucket will be just about 
to move out of the jet as another has just moved in. 

Let 6, c, and e be adjacent buckets. As jet is moving at twice 
the speed of the buckets, a section of jet vdH move from c to e 



in same time as bucket b moves to e. Hence, for jet to be 
always intercepted, the buckets will be as shown in Eig. 115. 
Consider triangle abc, 

ac = E + i depth of bucket = E + -Qd 
ab = + I diameter of jet = i? + -Sd 

mi "h 

Then, cos y = 


From which equation y is obtained. 

360 

Then, number of buckets* == -- — 

y 

Felton wheels are in use with heads as large as 5,000 ft. 


* This equation does not hold in practice as there is not sufficient space 
around the wheel perimeter for this number of buckets to be inserted. Actual] y , 
the number of buckets is about half of that given by the equation. 
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Example 1. 

A cup, similar to that in a Pelton wheel, deflects a jet of water through an 
angle of 120°. Determine the speed of the cup in terms of the velocity of 
the jet so that the work done by the jet on the cup shall be a maximum and 
express this work as a percentage of the energy of the jet. 

Show how the speed necessary for maximum efficiency would be affected 
if the friction of the water in passing over the surface of the cup were 
considerable. (London Univ., 1921.) 

Referring to Eigs. 112 and 113, 

(j) = 180- 120 = 60° 

Work done per pound )_ £ 10 ^ ^ vox'll 

of water ) 9 Q 

Vv cos 60 - 

~g 

Differentiating for a maximum, 

dE 

— = 7 -j- 7 cos 60 - 2v cos 60 - 2t? = 0 
av 

Hence, F{1 + cos 60) - 2i;(l + cos 60)= 0 

7 

Therefore, v 

Then, 

maximum work done ) __ |7^+ ^os 60-^7^ 

per pound of water ) g 



_iP 


9 

Energy supplied 

II 


IZ! 

Efficiency 

ty 

11 

11 


2? 

If there is no friction over the cup, the relative velocity at 
exit equals relative velocity at entrance. Let friction reduce 
relative velocity at exit to A; X 7, 
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Then, relatire velocity at exit = ^(F - v)^ 
and, = A^(F - v) cos 60 - v 

Work done per pound ) Vv [/r ( F - ?;) cos 60 - v]v 

of water 

_ Vv vh{ V - v) cos 60 - 


Differentiating for a maxinium, 
d JE 

= F + Fife cos 60 - 2 2 ;^ cos 60 - 2«; = 0 

Or, f/ (1 h cos 60) - 2t;(l cos 60)— 0 

F 

From which, = 7 r 

Jt 


Therefore, the speed for maximum efficiency is not affected 
by the friction of the water passing over the cup. 

Example 2. 

A Pelton wheel is required to work under a head of 130 ft., and to develop 
100 h.p. at 250 revs, per min. Assuming an efficiency of 80 per cent and a 
coefficient of velocity of -98, find the jet diameter, the diameter of the bucket 
circle, the size of the buckets, and the number of buckets required. (London 
Umv., 1919.) 

F = -98 

= *98 V64-4 X 130 = 89*5 ft. per sec. 
For maximum efficiency, 

V = -46 F (Practical value) 

= -46 X 89*5 = 41*3 ft. per sec. 

Horse-power = - ■ 

550 

-p- 100 X 550 

Hence, If = ^ == 530 lb. per sec. 

Let d = diameter of jet 

and D = diameter of bucket circle 

Then, v =itD^ 

60 

in T . ^ 41*3 X 60 

Trom which, D = — — -^= 3-16ft. 

77 X 250 

Quantity of water ) tt ^ IF 

flowing per second ) ~ 4 ^ ^ 
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Hence, 


r 530 X 4 

;r X 62-4 X 89-5 

d = ■347 ft. 


= 4'17 in. 

Depth of bucket = l-2(f 

= 1-2 X 4-17 = Sill. 
Width of bucket = M 

= 6 X 4-17 = 20-8 in. 


For number of buckets. 


R + -5d 

^ =R + Td 

18-96 + 2-08 
“ 18-96 + 2-5 


•982 


From which, y = 11° 

Then, ) __ 360 

number of blades ) 11 ' 


102. Some Modem Turbines. A diagram of a turbine 
installation and views of some large modern turbines are shown 
in Figs. 116 to 119 ; these turbines were designed and con- 
structed by the Hydro-electric Department of Sir W. G. 
Armstrong, Whitworth & Co., Ltd. Fig. 116 shows the 
installation of a small estate turbine for a low head ; the 
suction or draught tube is clearly shown. 

Fig. 117 shows a submerged double-runner turbine. A 
modem Francis turbine is shown in Fig. 118; and a twin 
Francis turbine in cylindrical casing in Fig. 119. 

103. Specific Speed of a Turbine. The specific speed of a 
water turbine is the ^g^sdLat^^hiclLthe turbine^^^ 
producing_one_.horse-pow.er under , a head of 1 ft.,.ol.w:ater. 
This is sometimes called the Unit Speed or the Type Charac- 
teristic of the turbine. Within certain limits each type of 
turbine will have its own value for the specific speed ; hence, 
if the specific speed is known it is possible to judge the type of 
turbine. 
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An equation for the specific speed of a turbine can be 
obtained by applying the principle of similarity to water 
turbines. It will be assumed that all turbines are similar ; 
that is, that all their linear dimensions are in proportion, and 
the blade angles are constant. 

Let D == diameter of turbine in feet 

Tis = specific speed of turbine in revs, per min. 

P = horse-power developed. 

Then, using the notation of Art. 97, 
coD 


V 

From which, ^ ^ 


But, CO CC 71 

And, from inlet triangle of any turbine, 
t; oc F 

That is, V CC VH (as F x VH) 

Vh 

Hence, D oc (1) 

n 

Assuming linear dimensions of turbines to be similar, 
b CC D 
'\/'H 

Hence, from (1), b cc (2) 

n 

From inlet triangle of any turbine, 

Vfcc V 

That is, VfCC VH (as V ccVH) . . (3) 

Quantity per sec. ) p^dial area of flow x vel. of flow 

passmg through turbme) 

= 7rDbx Vf 



254 

HYDRAULICS 


Substituting from equations (1), (2), and (3), 


Quantity per see. 

VH Vh 

cc — X X \^H 

n n 





Weight of water per see. = W = ic x quantity per 

sec.. 

Or. 

ir ^ 
cc ^ 

• (4) 

T W H 

NoWj horse-power of turbine = 

550 


Hence, from Eq. (4), 

a 

Poc|xH 



T 
oc — 


Or, 

5 

n oc - 7 = 

Vp 


That is, 

II 


^ constant depending on the type of turbine. 
t -x is developing 1 horse-power under a head 

ot 1 it., it he noticed that k is equal to n which, under 

tnese conditions, is known as the specific speed Hj. 

Hence, 

Hence, 

nVP 

• • • 

• (6) 

It IS found that for impulse turbines n, lies between 3 and 10, 
tor reaction turbmes the value of n, is between 10 and 100. 
Ihe n, for a Pelton wheel is about 4. 

Suppose it is required to install a water turbine to work at 
a given speed, under a given head, and to produce a given 
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horse-power. Then, putting these quantities in Equation 5 
the specific speed is obtained. If this has a value of between 
10 and 100, a reaction turbine should be used ; if the value 
is less than 10, an impulse turbine or Pelton wheel should be 




(Armtronff-WMkcorth 

Fig. 120. — Types op REACTio]sr Tubbine Runners 
Showing comparative sizes of runners for same output under unit head 

used. If the value is more than 100, then two or more, 
reaction turbines would be required. 

In Eig. 120* are shown the proportion of the runners of 
three reaction turbines, each of different specific speeds ; the 
efficiency curves of the same turbines are shown plotted in 
Eig. 121. 

Example, 

Deduce an expression for the specific speed of a reaction turbine. Under 
a head of 40 ft. the maximum feasible specific speed is 100. If, under this 
head, an installation of 20,000 h.p. is required, and if the speed is to be 160 revs, 
per min., how many units should be used ? (A.M.I. Mech. E., 1925.) 

* By courtesy of Sir W. G. Armstrong, Whitworth & Co. 
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Using Equation 5, 


That iSj 
From which, 
No. of units 


nvP 

” "iF 


100 = 


150 v/p 
40 ' 


P == 4,500 per unit 
20,000 
~ 4,500 



( Armdro ng-W hitworth) 


Fig. 121. — EFriciENcr Curves for Reaction Turbine Runners 

104. Groveming of Turbines. The speed of a water turbine 
is regulated by means of a centrifugal governor of a similar 
type to that used on a steam engine. The governor controls 
the water supply by operating sliding gates as explained in 
Arts. 98, 99, and 101, or by operating pivoted guide vanes, 
as shovm in Fig. 109. The centrifugal governor is not powerful 
enough to move the gates unaided on account of their weight, 
and a mechanism is installed which, when operated by the 
centrifugal governor, is of sufficient powder to move the heavy 
gates. This method is known as^rel^^vernmg, 

The earhest method of relay governing was by means of a 
system of open and crossed belts on fast and loose pulleys 
driven from the turbine shaft. The belts were moved from 
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the fast to the loose pulleys by the centrifugal governor. This 
is similar to the belt drive for the return motion of an engineer’s 
planing machine. 

Modern types of relay governors consist of a differential 
cylinder worked by water or oil pressure. A diagrammatic 
view of a differential cylinder is shovui in Fig. 122. The relay 
piston is larger at one end than at the other, the relay cylinder 
being correspondingly shaped to suit. Oil or water is kept 
at a constant pressure in the annular space B. The pressure 
of the oil or water in the space A is regulated by the centrifugal 
governor. When the turbine is running steady, the total 
pressure at A equals the total pressure at B and the piston is 
then in equilibrium. If the turbine speeds up, the centrifugal 
governor operates the oil valve and admits high pressure oil 




B 



A 



! 

! 






Fig. 122 


in A ; this forces the piston to the right, and the piston rod C 
will cause the gate to partly close. If the turbine slows down, 
the centrifugal governor exhausts the oil in A, the piston is 
then forced to the left by the oil pressure in B, and the gate 
win open farther. 

In ah modern makes of this tjrpe of relay governor oil is 
used, the oil pressure being obtained from an oil pump driven 
off the turbine shaft. 

The foUowing is a description of an automatic oil pressure 
governor made by Sir. W. G. Armstrong, Whitworth & Co. A 
view of this relay governor is shown in Fig. 123. 

The governor is driven direct from the turbine shaft by belt 
or other means, and is of the automatic oil pressure sensitive 
type. 

The oil pressure is obtained from a rotary gear pump, also 
driven from the turbine shaft, with accurate^ cut teeth to 
ensure the highest possible efficiency and noiseless rotation. 

The servo-motor piston is connected direct to the actuating 
lever on the governor shaft, the piston being differential. The 
pressure oil operates on the servo-motor piston through a 

17— (5167) 
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rotating cylindrical distributing valve v'hich is directly con- 
nected to the governor head, and moves axially when any 
speed variation takes place. 

In the event of a speed rise, the rotating valve is moved 
away from the governor head, uncovering a port which opens 



(Armstrong-Whitworth) 


Fig. 123. — Automatic Oil Pressure Governor 

1. Governor head 

2. Drivin" piiUcy 

3. Gi'iir pump 

4. uaULV 

5. S-peed .•uijii?=Tini;hanil\v]Ki'l 

6. Valve hou.-iu" 

7 llelay L-hambcr 
8. Air cock 

the large area side of the servo-motor cylinder to the sump. 
Constant pressure always being maintained on the small area 
side, the piston is moved back from the centre of the governor, 
thereby closing dovni the turbine. 

Should the speed drop, the valve moves towards the governor 
head, uncovering a port wdiich admits pressure oil into the large 


9. Connecting rod 

10. Servomotor cylinder 

11. Drain cock for sump 

12. Governor shaft bearing 
13.. Compensating pipe 

14. Locking pin 

15. Handgear 




Fig. 124. — Relay Governor Coupled to Felton Wheel 
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area side of tlie servo-motor piston, moving the piston towards 
the centre of the governor owing to the greater volume of 
pressure oil on the back of the piston, thereby opening up the 
turbine. 

The movement of the actuator lever operates a relay plunger 
pump which is connected by means of a pipe to an oil brake 
damping cylinder at the end of the valve spmdle when the 
servo-motor piston is moved in the closing direction. The 
relay pump simultaneously forces oil to the back of the oil 
brake piston, thus restoring equilibrium, and preventing the 
governor from over closing. This arrangement makes hunting 
impossible. 

The governor head is of the patent evolute type, where only 
rolling motion takes place, making friction losses practically 
negligible. 

A synchronizing attachment is provided for varying the 
speed regulation of the set between full and no load. This 
mechanism is adjustable by hand. A hand control is provided 
for adjusting the running speed to ± 4 per cent. An electric 
remote control from the switchboard can also be installed if 
required. 

Hand operating gear is provided for startmg up and in case 
of emergency. 

In Fig. 124 is shown a view- of this governor coupled to a 
Felton w^heel. In this case the governor is operating the 
needle valve at the nozzle. 

105. Inertia of Water Column in Supply Pipe. Another 
difficulty in water turbine governing is the regulation of the 
increase of pressure due to the inertia effect of the column of 
water in the supply pipe. On the governor partly closing the 
gate there will be a slowing down of the water in the supply 
pipe ; this will cause an increase of pressure at the guide vanes 
which may tend to speed up the turbine. In order to prevent 
fchis, a pressure regulator in the form of a spring rehef valve is 
fitted at the turbine end of the supply pipe. 

Another method of overcoming the inertia effect of the water 
column in the supply pipe is to fit a vertical pipe and tank, 
known as a surge tank,” on the supply pipe as near to the 
turbine as possible (Fig. 125). This tank is open to the 
atmosphere at the top. When the turbine gates are closing, 
the slowing down of the water column in the supply pipe 
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will cause a rise of pressure, and water will fio'w into the 
surge tank, thus reducing the shock. When the turbine 
gates are opening, water will flow from the surge tank into 
the turbine whilst the water column in the supply pipe is 
accelerating. 

For turbines with very large heads the surge tank is closed 
at the top, the air trapped in being compressed and expanded 
by the closing and opening of the turbine gates. This is the 
same in principle as the air vessel on a reciprocating pump. 



106. Characteristic Curves for Turbine. There is a large 
variation in the efficiency of a turbine when the gate and speed 
are varied ; for small gate openings and low speeds the effi- 
ciency is very low. To obtain the conditions for the maximum 
efficiency for a turbine a diagram is plotted showing the 
efficiencies for all conditions of running ; from this diagram 
the condition for maximum efficiency may be obtained ; such 
a diagram is knowm as a Characteristic Curve. The points on 
the diagram are obtained by testing the turbine for various 
gate openings and at various speeds ; the diagram holds for 
that particular turbine only. 

Before plotting the diagram certain characteristics for the 
turbine are calculated from the results of the tests ; these 
characteristics are knowm as Unit Powder, Unit Speed, and 
Unit Quantity. 

VmT PowEE. The unit powxr of any particular turbine 
may be defined as the power developed under a head of 1 ft., 
or under unit head if any other system of dimensions be 
used. 
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Let 

P = horse-power developed 

then, 

P xWH 

but, 

w = 62-4 0 r 

and, 

r X \ 

hence, 

W X \ H 

Then, 

P azIT 

Or, 



where Jci is a coefficient which will vaiy with the efficiency of 
the turbine ; that is, with the gate opening and speed. 

When H = I ft., 

P z== ]ci = unit power 

P 

Hence, the unit power of a turbine = — —j 


Unit Speed. The unit speed for a particular turbine is 
the speed when running under a head of 1 ft. For a given 
turbine, 

n cc VH 
or, 71 = 

where is a coefficient which will vary with the conditions of 
running. 

When H = I h., 7% ~ = unit speed 

Tl 

Hence, unit speed of a turbine = = — = 

Vh 


Unit Quantity. This is the volume of water passing 
through the turbine when the head is 1 ft. 

Q = ay 

or, Q cc a VH 

hence, Q oc VH 

or, Q = ksVlS 

where is a coefficient depending on the condition of running 
When H = I it., Q = Jc^ = unit quantity, 


then, unit quantity for ,a turbine = 


^3 


-1 

Vh 
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The Chahacteristic Curve. This is a chart showing the 
efficiencies of a particular turbine under all conditions of 
running. The turbine is first tested for a particular gate 
opening ; the speed and head are varied, and the quantity and 
brake horse-power are measured. Trom these results values 
of the efficiency, unit power, and unit speed are calculated 
for the various speeds and heads at that gate opening. A 



Fig. 12oa 

curve is then plotted for this gate opening with unit power 
and unit speed as ordinates ; the efficiency for each point 
obtained is wTitten on the curve at that point (Fig. 125a). 
These tests are repeated for various gate openings, and the 
efficiencies plotted as before. By examining the efficiencies 
written at each point, lines of equal efficiency can be drawn 
by interpolation ; these lines correspond to the contour lines 
on a map. 

From this chart it can be seen at a glance what the speed 
of the turbine should be, at any gate opening, in order to give 


264 


HYDBAULICS 


the best efficiency for that gate opening. It also shows 
clearty the maximum efficiency of the turbine for all condi- 
tions, and the gate opening and speed which produce this 
maximum efficiency can be read off the chart ; this should be 
the normal condition of running for the turbine. 

107. Principle of Similarity Applied to Turbines. The 
principle of similarity may be applied to turbines in order to 
predict the performance of a future design from the tests on a 
model. A small model is made similar to the actual turbine 
and, by means of a test, its horse-power is measured under a 
kno'ttii head and at a known speed ; the quantity of water 
supplied is also measured. From these results it is possible 
to calculate the performance of the actual turbine. 

Let D = diameter of a turbine. 

P = horse-power of turbine. 

For all similar turbines all the velocities such as F, v, F^, Vf 
etc., will be proportional to VH. This is obvious from the 
velocity triangles, the blade angles being constant. 


Hence, 

V cc VH 

and, 

V, cc \ 'H 

but, 

V ~ ttDu 

hence, 

7tD)1 oz \'H 

from which. 

D cc 

n 

Also, 

WH 

550 


to(iTDb)VfH 

550 

but, 

b oz D 

and. 

V, oc Vh 

hence. 

P oz D^-h’ 


P = (2) 


or, 
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where is a constant for the type of turbine considered. By 
combining Equations (1) and (2) the equation for specific 
speed may be obtained, as in Art. 103. 

Also, Q = 7rD5 Vf 

then, Q oc D^VH 

or, Q = k^DWH (3) 

where /c *2 is a constant for the t}q)e considered. 

It was sho^vm in Art. 103 that 


Hence, by measuring the values of P, H, n and D from the 
model test the values of h, Iq, and calculated. These 

values will also hold for the large turbine ; hence, as its dia- 
meter is known, and as the head under w’-hich it will run is 
known, its horse-pow’-er, speed, and quantity may be calculated. 
It should be noted that the horse-powder used for equation (1) 
is the water horse -powder supplied, whilst that measured in the 
model test is the brake horse-powder ; hence, the efficiency of 
the runner has been assumed to be the same for both model 
and large turbine. This is not quite true, as the efficiency of the 
model is slightly less than the large turbine due to the friction 
of the wdater being greater in the small passages of the model. 


Example. 


Tests on a model turbine, 1 ft. diameter, give a maximum efficiency of 
82 per cent at 900 revs, per min. and at f gate opening, under a bead of 64 ft. 
The output was then 38-4 b.h.p. A similar turbine is required to develop 
-500 b.h.p. at f gate under a head of 81 ft. Calculate its diameter and speed 
of rotation. How would you expect its efficiency to compare with that of 
the model ? (London Univ., 1926.) 

Assume efficiency is the same for model and turbine, and 
use the equation for specific speed given in Art. 103. 

Then, n = Jc 


Vp 


From which, 


nVP 

s 


900V38-4 

ft 


= 30-75 
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Nest apply this equation to the large turbine, the value of 
h will be the same as for niodeh 


n ~ 30*75 


vP 


30*75 X 


81‘ 


500 

= 334 revs, per min. 

From Equation (1), 

n 

where c is a constant for model and large turbine. 

Hence, applying this equation to model, 

- 

^ ■” Vh 

= 141^® = 112.5 

V64 

Using this value of c and applying the equation to the large 
turbine, 

112*5\/H 




n 

112*5V^1 
' 334 

3*04 ft. 


Example 10. 

(1) An inward flow reaction turbine has an external diameter of 2 ft. If 
the breadth of the wheel at inlet is 6 in. and the velocity of flow’' at inlet is 5 ft. 
per sec., find the weight of water passing through the turbine per sec. 

Anf >. — 980 lb. 

(2) If the turbine of Question 1 has a speed of 192 revs, per min. and if 
the guide blade makes an angle of 10“ to the wheel tangent, draw the velocity 
triangle at inlet and find the runner blade angle, the velocity of whirl, the 
absolute velocity of the water leaving the guide vane, and the relative 
velocity of the water entering the runner blade. 

Ans . — d = 31“ ; = 28*4 ft. per .sec. ; F = 28-8 ft. per sec. ; 

Fj. =9*8 ft. per see. 
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(3) Tf the turbine of Question I has an inner diameter of 1 ft., find the 
breadth of the wheel at outlet in order to keep the velocity of flow 5 ft. per see. 
Find also the runner blade angle at outlet if the diseliarge is radial and draw 
the velocity triangle at outlet. 

-12 in. ; 26®. 

(4) Find the work done per lb. of water for the turbine in Question 1 ; 
find also the head supplied, the horse-power produced, and the hydraulic 
efficiency. 

— 17*7 ft. lb. ; H — lS‘12ft. ; h.p. = 31*0 ; eff. = 98 per cent. 

(5) The lead-on angle of the guide vanes in an axial flow impulse turbine 
is 20® ; the wheel vane angle at entrance is 60® ; the head 400 ft. If the 
velocity at discharge is axial, and if the coefficient of velocity for the guide 
vanes is *98, determine the work done per second when passing 10 cu. ft. 
per sec. and running under maximum efficiency conditions. [Sin 20° =*342.] 
(A.M.I. Mech. E., 1922.) 

.4«,9.— 333,000 ft. lb. 

(6) In an outward-flow turbine supplied with ISOcu. ft. per sec. and 
making 200 rev. per min., the internal and external diameters of the wheel 
are 6 ft. and 7 ft. 6 in. respectively and the elective width of the wheel-face 
at inlet and outlet is 9 in. The head on the wheel is 1 1 5 ft. and the discharge 
is free and radial- Neglecting the thickness of the vanes and friction losses, 
determine the angles of the vanes at entrance and exit, and sketch a vane 
showing these angles. (A.M.I. Civil E., 1921.) (Assimie turbine to be a 
reaction.) 

Ans.— 109*8°; 7-4°. 

(7) The peripheral velocity of the wheel of an inward flow turbine is 
70 ft. per see. The velocity of whirl of the inflowing water is o5 ft. per sec., 
and the radial velocity of flow 7 ft. per sec. If the flow is 24 c usees and the 
hydraulic efficiency 80 per cent, find the head on the wheel, the horse-power 
of the turbine, and, by di’awing to scale, the triangle of velocities, the inlet 
angle of the vanes. The discharge is radial. (A.M.I. Civil E., 1922.) 

^n5.— 149*0 ft. ; 325 h.p. ; 155®. 

(8) Describe the *working of, and a method of governing, an axial -flow 
Girard turbine. 

If for such a turbine the angle of the gmde blades is 30®, and the angle 
of the rotor vanes is 25° at outlet, find the maximum hydraulic efficiency, 
and the best speed of the turbine. 

The available head is 100 ft., and the mean diameter of the rotor 6 ft. 
(London XJniv., 1916.) [Assume axial discharge for max. eff.] 

Ans. — 93*7 per cent ; 137 revs per min. 

(9) An inward flow turbine, having an overall efficiency of 75 per cent., 
is required to give 175 h.p. The head H is 20 ft. ; velocity of periphery of 
the wheel is -95 V 2g H ; and the radial velocity of flow is '3oV 2gH. The 
wheel is to make 230 revs, per min., and the hydraulic losses in the turbine 
are 20 per cent of the available energy. Determine (a) the angle of the guide 
blade at inlet ; (6) the wheel vane angle at inlet ; (c) the diameter of the 
wheel ; (d) the width of the wheel at inlet. [Assume tm’bine is reaction and 
radial discharge.] (London Univ., 1916.) 

Am.— (o) 39*8® ; (6) 146^® ; (c) 2*83 ft. ; (d) 11*02 in. 
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(10) A Pelton wheel has a mean bucket speed of 40 ft. per sec., and is 
supplied with water at the rate of 150 gallons yjer sec. under a head of 100 ft. 
If the buckets deflect the jet through an angle of 160°, find the horse-power 
and efficiency of the wheel. 

Ans.- — 264-2 h.p. ; e = 97 per cent. 

(11) Obtain an expression for the theoretical efficiency of a Pelton wheel 
when the angle of the bucket at exit makes an angle of 6 with the direction 
of the jet. Show by a diagram how the efficiency of the wheel \^t 11 vary as 
the relation of the velocity of the jet to the velocity of the bucket is varied. 

Describe, with carefully dra\vn sketches, at least one method of governing 
a Pelton wheel. (London Univ., 1917.) 

(12) Briefly describe an “ Inward Flow Tin-bine.” Show that in a turbine 
with radial vanes at the receiving circumference the theoretical hydraulic 

9 

efficiencv is — where a is the angle made by the guide blade with a 

*• 2 -f tan- a 

tangent to the point where it cuts the receiving circumference, the velocity 
of radial flow being constant. (London Univ., 1915.) 

(Assume turbine is reaction with radial discharge.) 

(13) In an outward flow reaction turbine the rim speed at inlet is 40 ft. 
per sec., and the ratio of the radii is -8. The turbine is placed 3 ft. below 
the water sui-faee in the tail race, and the wheel vane angles are 90° and 20° 
at inlet and outlet respectively. The radial velocity of flow at inlet is 14 ft. 
per sec. Neglecting frictional losses, and taking velocity of outflow as 
radial, find tiie guide vane angle, pressure head at iiflet to the wheel, speed of 
flow from guides, the total head, and hvdraulic efficiency. (London Univ., 
1915.) 

— 19-3° ; 29-8 ft. of water (gauge) ; 42*3 ft. per sec. ; 54-5 ft. ; 
e = 91-2. 

(14) An inward flow turbine, having an overall efficiency of 75 per cent, 
is required to give ISO h.p. The head H is 30 ft. The velocity of the 
periphery of the wheel is 6 V H, and the radial velocity of flow is 2 Vh 
The wheel is to make 120 revs, per min. The hydraulic losses in the turbine 
are 20 per cent of the avaOable energy. Determine : (a) the guide blade 
angle at inlet ; (b) the wheel vane angle at inlet ; (c) the diameter of the 
wheel ; (d) the width of the wheel at iiflet. [Assume turbine is reaction and 
radial discharge,] (London Univ., 1920.) 

Am.— (a) 25-1° j (6) 130-5° ; (c) 5-23 ft. ; (d) 4-8 in. 

(15) An inward-flow pressure turbine has a runner whose vanes are radial 
at inlet and inclined backwards at 30° to the tangent at discharge. The 
diameter at entry is twice that at discharge, and the width at entry is one -half 
that at discharge. The guide vanes are inclined at 15° to the tangent. The 
velocity of the water leaving the guide is SO ft. per sec. Determine the 
correct velocity for the runner, and the absolute velocity of the water at the 
point of discharge. (A.M. Inst. C.E., 1925.) 

Ans. — V — 77-3 ft. per sec. ; = 20-9 ft. per see. 

(16) The following data were obtained from a test on a Pelton wheel — 

Area of jet = 12-0 sq. in. 

Discharge = 6-35 cu. ft. per sec. 

Head at nozzle =100-0 ft. 

Brake horse -power = 56-0 

H.P. absorbed in friction and windage = 3-0 
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Determine the energy lost in the nozzle, and also the energy absorbed due 
to losses in the wheel at discharge. (A.M.I. Mech. E., 1926') 

Ans. — 7*05 h.p. and 5-8 h.p. 

(17) Given the formula A’’, = NVp ~ for the specific speed of a water- 
turbine, in which N is revs, per min., P is the brake horse-power, and H is 
the available head in feet, prove that the specific speed of a single jet Pelton 

5 

wheel is in. which d is the diameter of the jet in feet, and D is the 

diameter of the mean bucket circle in feet. Assume that the coefficient of 
velocity of the .jet is unity, and that when the maximum efficiency is 85 per 
cent the mean bucket speed is •46 V 2(/ H, (London XJniv., 1924.) 

(18) Define the terms “specific speed,” “unit speed,” and “unit power” 
as applied to a hydraulic turbine. Describe the method of preparation of, 
and the use of, the characteristic diagram for a turbine, the co-ordinates being 
“unit speed” and “unit power.” (London XJniv., 1925.) 

(19) Show that in a given turbine the peripheral speed of the runner for 
maximum efficiency is proportional to V H where H is the available head, 
and that under these conditions the quantity of water consumed is propor- 
tional to V H, and the power developed to H‘-. 

Hence, show how the performance of a turbine may be predicted from that 
of a geometrically similar model. (London XJniv., 1924.) 



CHAPTER XI 

CENTRIFUGAL PUMPS 

108 . Centrifugal Pumps. The action of a centrifugal pump 
is that of a reversed turbine, except that special arrangements 
must be made in order to increase the efficiency. All centri- 
fugal pumps are outward flow, as the radial velocity of the 
water in the pump is then increased by the centrifugal head 
impressed on it by the rotating vanes. The pump must 
be full when starting ; for tliis reason, it should not be 
allowed to drain. The pump is driven by power from an 
external source, by which means dhe vanes are rotated. This 
gives a centrifugal head to the water in the pump, and the 
water wiU leave the vanes at the outer circumference with a 
liigh velocity and pressure. A partial vacuum will form in 
the centre, into wiiich the water from the suction pipe flows. 
The high pressure of the leaving water is utihzed in overcoming 
the delivery head of the pump. In earlier types of centrifugal 
pumps the liigh velocity of the leaving water was wasted in 
eddies in the circular chamber wffiich surrounded the vanes ; 
but this is now transformed into pressure head by causing the 
leaving water to flow^ through a passage of gradually increasing 
area. The kinetic energy of the leaving water i s thus converted 
into pressure energy, which is utilized in increasing the dcHvery 
head of the pump. The efficiency is thus considerably increased. 

The following are the methods adopted to convert the 
kinetic energy of the leaving water into pressure energy. 

(a) Volute Chamber. The vane wheel or impeller is sur- 
rounded by a spiral casing known as a volute chamber (Fig. 126 ). 
The leaving water flows inside this chamber circumferentially, 
the velocity decreasing with the increasing area of flow. When 
the water reaches the delivery pipe, the velocity mH be small 
and the pressure wiU have correspondingly increased. It has 
been found from tests that this type of chamber only slightly 
increases the efficiency of the pump ; a considerable loss takes 
place in eddies due to the continually increasing quantity of 
water flowing through the chamber. 

{b) Vortex or Whirlpool Chamber. Professor James 
Thomson improved on the volute chamber by combining a 
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circular chamber with a spiral chamber (Fig. 127) ; such a 
casing is known as a vortex or whirlpool chamber. An 
increased efficiency is obtained by means of tins type of casing, 

(c) Guide Blades. Another method of converting the 
velocity head of the leaving water into pressure head is by 
causing the water to flow through passages of increasing area 
formed by guide vanes (Fig. 128). A pump fitted vith such 
vanes is known as a turbine pump, and is similar in principle 
to a reversed inward flow turbine. The guide blades are 
placed at such an angle that the water enters without shock 
and is surrounded by a volute chamber, by wliich the water 
reaches the delivery pipe. The ring of guide blades is called 
a diffuser, and is found 
to be very efficient. 

There is much loose- 
ness in the use of the 
above terms. Some 
authorities apply the 
terms vortex chamber, 
whirlpool chamber, and 
diffuser to all types of 
casings surrounding the 
impeller. 

109. Work Done and 
Efficiency of Centrifugal 
Pump. The blade angles 
and work done by a 
centrifugal pump may be Fig. 126 

found from the velocity 

triangles in the same way as for a turbine, except that the 
inlet triangle now becomes the outlet and vice versa. It is 
usual to assume the water enters the wffieel radially. 

Using the same notation as for turbines (Art. 97), 

Centrifugal head im- 
pressed on w^ater 


) 



Let H = total theoretical lift of pump, or design head 
Then, 


theoretical gross lift 


where Vi == velocity of discharge from delivery pipe. 





Fio. 128 
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The term is small and may usually be neglected. 


The velocity triangles for inlet and outlet are shown in 
Fig. 129. 


and, ^>1 

work done by impeller ) t'l 

per pound of water \ ~ g 


Therefore, 




■=H +, 



Let Tif = head lost in friction in delivery and suction pipes 
h — actual height w^ater is lifted by pump 
W == weight of water pumped per sec. 


Then, gross lift 
Actual efficiency 


h hf 




actual hft 


energy supplied to pump shaft per lb. of water 
Wh 


horse-powor x 550 


18~-(5I67) 
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The manonietrie efficiejicy 




lift 


' tlieoR'tieal gross lift 


h T- hf ■ 


'2^ 


Ji -f + 


2 ^/ 


H ■ 


Wi 


Hvdraiiiic efficiency 


’ 2^ 

gross lift 


energy supplied to impeller per lb. of water 

The energy supplied to impeller is less than that supplied to 
shaft by mechanical losses in bearings, etc. 

ilO. Minimum Starting Speed of Centrifugal Pump. In 
starting a centrifugal pump, there will be no flow through the 
wheel until the pressure difference in the impeller is large 
enough to overcome the total Hft. If the impeller is rotating 
and there is no flow, the pressure head caused by the 

centrifugal force on the rotating water will 

Flow will not commence until this amount is greater than H, 
Vi = 0 when flow commences. 


As 


H: 


' iOl 

9 


the least theoretical speed for flow to commence will be 
when 

^ Vur, 

g 

Actually, flow will commence when 

^ g 

where e = manometric efficiency. 


111. Head Lost in Centrifugal Pump due to Reduced or 
Increased Flow. A centrifugal pump will produce its maximum 
efficiency only when running and discharging at the speeds for 
which it was originally designed. If the normal discharge is 
increased or reduced, there will be a loss of head at entry 
due to shock. 
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Let triangle abd (Fig. 130) be the velocity triangic for the 
pump wlieii running normally. The blades at inlet will bo 
parallel to ab. If the radial flow through the pump is now 
reduced from bd to ai, whilst the speed of rotation remains the 
same, the triangle of velocity will be represented by acd, 
ac being the relative velocity. But the angle of the blade at 
inlet win be the same as before ; the relative velocity, there- 
fore, vill no longer be parallel to the blade and shock will occur. 
As the velocity of flow is fixed, and as the water must pass 
along the vane, it follo^vs that the velocity triangle will be 



Fig. 130 

triangle ecd, ec being parallel to ab. Therefore, a tangential 
change of velocity ae \vill suddenly take place, the shock 
causing the loss of head. 

It was shown in Art. 40 that the loss of head due to a sudden 
change of velocity is equal to 

(change of velocity)^ 

2 ^ ^ 

Therefore, . ) [aef- 

loss of head at entrance 2g 



where F is the velocity of flow cd through the pump. 

The same equation appHes if the flow^ is greater than the 
normal flow. 
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Example. 

Show how the triangle of velocities at inlet to the impeller of a centrifugal 
hr Vt>-^ucin" the flow below the normal ; and obtain an 
ewess\on for the lo^s of head at inlet for any reduced value of the velocity 
Stole the assumptions made and the factors vthich afiect the 

aeomacy of the expression 

A min .i^-e! ■ i.TOO gallons of water per minute 

rmining at, a 0 por ‘"J"- th? ^ater enters the impeller 

against a head is 10 in., the vanes are set back at outlet 

It an S'4f and the tea of flow, which is constant from inlet to outlet 

“'DettXe‘'w'twlnometric efficiency of the pump; (!>) *« 7“® 
at iffit W the loss of head at inlet to the impeller when the discharge is 
reduced' by 50 per cent., the speed of rotation being unchanged. (London 
Univ., 1921.) 


The velocity triangles are the same as shown in Eig. 129. 
n _ ^ . ^20 

"" 12 ■ 


7rd^- 


= XT^^X'-^-^S^ft.per sec. 


10 


V ^ 22-7 ft. per sec. 


1700 


Quantity per sec. _ 

^ area of flow 60 X 6*24 X ‘65 

= 7 ft. per sec. 

w ^ ^ = 454 - 7 = 38*4 ft. per sec. 

^ "’i ^ tan 45 

(o) Work done per ) _ Vw^, H 
pound of water j g 

38*4 X 45*4 
32-2 

gross lift 

Manometric efficiency = ij^eoretical work done 


= 54-2 ft. lb. 


28 

' 64-2 ' 


51*7 per cent. 


{b) From inlet velocity triangle, 


, 7 

tan 6 = — - 

V 


■22-7 


== -308 


Then, 


d 


17-r 
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(c) New velocity of flow at inlet == 


/ 


3-5 ft. per sec. 


Head lost at inlet 



= 2 ft. 



112. Water Pressure in Centrifugal Pumps. The pressure 
of the water at any section of the stream in a pump may be 
found by applying Bernoulli’s equation to various sections of 
the pump stream. Consider the pump and piping shovm in 
Fig. 131. Let be a point at the inlet edge of the impeller 
on the horizontal centre line of the pump, let B be a point at 
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the outlet edge of impeller on the same centre line, let C be 
a point on the water surface in the sump, and D be a point 
at the outlet of the discharge pipe. If all losses are neglected, 
the total energy of the water will be the same at all these 
points provided that the work done by the impeller is added 
to these points which are in the stream on the exit side of the 
impeller. 

Let Jis = height of pump above sump in feet 

— height of outlet end of discharge pipe above 
pump in feet 

= pressure in lb. per sq. ft. absolute at A 
pressure in lb. per sq. ft. absolute at B 

Ap])ly Bernoulli’s equation to points A and 0, let w^ater 
level in sump be datum and neglect all losses. 

Total energy at A = total energy at C 

Hence, As + vr + ~ 

^ 2(/ tv 

From this equation may be found. 

If the frictional loss in the suction pipe is taken into account 
the equation becomes — 



where hf is the head lost in friction in the suction pipe. 

Next apply Bernoulli’s equation to points A and B, using 
centre line of pump as datum. 

Total energy at H = total energy at i? - work done by 
impeller 


Hence, 


I! , = 

2? w 2g ^ w g 


From this equation may be found. 

Next apply Bernoulli’s equation to points B and D, using 
the centre line of pump as datum. 


Total energy at J5 = total energy at D -f- losses. 


Hence, + " 
' 2g ' to 


■ 34 + d* • 


• loss in diffuser + A^ 


where Ay is the head lost in friction in delivery pipe. 
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From this equation the loss in the diffuser may be found. 

Theoretical head saved by ) i’/ 

fitting diffuser to pump j “ ‘Jg "" 2 ^ 

Efficiency of Theoretical head saved - loss in diffuser 
diffuser ~ Theoretical head saved 

Example. 

A centrifugal pump has a total lift of 50 ft. from well to delivery tank. 
The wheel is 5 ft. above the well water surface. The velocity of delivery 
from the uptake is 5 ft. per see, ; the radial velocity of flow through the 
wheel is 10 ft. per sec . ; the tangent to the vane at exit from the wheel makes 
an angle of 120° with the direction of motion ; the water enters the wheel 
radially. Find (1) the velocity of the wheel at exit ; (2) the pressure head at 
exit from the wheel ; (3) the velocity head at exit from the wheel ; (4) the 
desirable direction for the fixed guide vanes. Neglect friction and other 
losses. (London Univ., 1920.) 


Total head = 50 + ^ 

2(j 

5- 

= 50 + ^ = 50-39 ft. 

Referring to velocity triangles in. Fig. 129, 
= 180 - 120 = 60° 


( 1 ) 

Or, 


aitilZL 50 39 


From which, 
( 2 ) 


Vi — 43*23 ft. per sec. 




10 

tan 60 


= 43*23-5*77 
= 37-46 ft. per SCO. 

Fi = VlyTv 
= + 102 
= 38*8 ft-, per sec. 
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Apply Bernoulli’s equation to the pump at outlet and to 
the outlet end of delivery pipe, and taking the level of the 
pump as datum, 




El! 

-9 



- 0 


where = pressure head at vane outlet. 

( 38 - 8)2 

Therefore, - 50 + -39 - 5 - 

= 50 + -39 - 5 - 23-3 
== 22-1 ft. of water. 


(3) 


^ ^ ^ 23.3 of 

2? ig 


(4) The fixed guide vanes will be parallel to the absolute 
velocity of water at outlet, i.e. will be parallel to Fj. From 
velocity triangle at outlet, 

tan a = 

wliere /? = inclination of guide vanes. 

rr,, 10 

Then, tan a = 7 :71 jg = *267 

87 -40 

From which, a = 15°. 


113. The Specific Speed of a Centrifugal Pump. The specific 
speed of a centrifugal pump is the speed at which the pump 
would deliver 1 gallon of water per minute under a head of 
1 ft. It may be found by applying the principle of similarity 
to centrifugal pumps ; the method is the same as that used 
for finding the specific speed of water turbines in Art. 103. 
The specific speed is useful as an index for denoting the type 
of pump ; the value varies between 500 and 8,000 for a single 
impeller. 

In working out the equation for the specific speed the 
assumption is made that aU pumps are similar, then all linear 
dimensions wiU be in proportion to the diameter of the impeller. 
Also, the velocity diagrams for aU pumps are assumed to be 
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similar, and all velocities are proportional to the square root 
of the total head. 

Usmg the same notation as for turbines (Art. 97), 
let d — external diameter of impeller 
n = speed in revs, per min. 

specific speed in revs, per min. 
h = total head or lift in feet 


Q = discharge in galls, per min. 


Then, 

h cc d 

and as 

d 

and 

0} ccn 

then, 

V cc nd 

Or 

d cc ~ 
n 

But 

V cc Vh 

Hence, 

, Vh 

d cc — 
n 

Now, 

Q cc area of flow x veL of flow 

That is, 

Q ccTrdbx y f 

But 

F/ oc a/^ 

Hence, 

Q cc dWh 

Or, substituting for d from Eq. (1), 


Q <^-2 X Vh 

Or, 

7,3 

G oc — 

Hence, 

n cc — 

vg 

This may be written, 

% = 

Vg 


where ^ is a constant. 
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When li eciiniis 1 ft. and Q is 1 gal. per min. it will be noticed 
tluit n = and also n = from definition of specific speed. 

n \ Q 

Hence. k = Us = — ^ 

U 


As an example of the use of specific speed, suppose a pump 
is required to raise 30,000 gals, per min. through a height of 
20 ft. at a pump speed of 2.000 revs, per min. 


Then, 


2000 \ 30,000 
20 ‘ 


= 36,600 


As the value of Hs for a single impeller is not more than 
8,000, it follows that a multi-stage pump consisting of several 
impellers in series must be used. 


Least No. of impellers — 


36,600 

8000 

5 


114. Principle of Similarity Applied to Centrifugal Pumps. 

This principle may be applied to centrifugal pumps in order 
to predict the performance of a future design from the results 
of tests on a model of the same proportion. A model is 
constructed and tested under known conditions ; the horse- 
power required to drive it, the speed, the head, and the discharge 
being measured. From these results the horse-power, speed, 
and discharge of the large pump under a known head can be 
calculated. 

In Art. 113 it was proved that 


d cc 


Vh 

n 


. ( 1 ) 


Q QC 


n oc 


V 

VQ 


Also, horse-power = P = 


%2-iQh 

650 


P cc Qh . 


( 2 ) 


( 3 ) 


or, 


(4) 



CE^^TRlFUGAL PUMPS 


283 


Substituting for Q from Equation (3) 


From these five equations the performance of the large 
pump may be calculated from the results of the model test. 


Example. 

It is required to predict the performance of a large centrifugal pump from 
that of a scale model one-fourth the diameter. The model absorbs 20 h.p. 
when pumping imder the test head of 20 ft. at its best speed of 400 revs, 
per min. The large pump is required to pump against 60 ft. head. What 
will be its working speed, the horse-power required to drive it, and what 
will be the ratio of the quantities discharged by the larger pump and the 
model ? (London Univ., 1923.} 

From Equation (1), 
and model ; hence, 

^ for model = for large pump 

Vh y h 


— is a constant for both large pump 
Vh 


400 X d_n X 4d 

V'20 ~ 


From which, 


?i — 173 revs, per min. 
Pn^ . 


From Equation (5), is a constant 
K~ 


hence, 

Or, 


Pn^ Pn^ 

—r for model = — v- for large pump 
¥ ¥ 

20 X 4002 P X 1732 


20 '-' 


60 ^- 


From which, P = 1670 

From Equation (2), 

Q for large pump d^Vh for large pump 
Q for model dWh for model 


X Veo 

iF- X V '20 


= 27-7 
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115 . Characteristic Curves. From the results of tests on a 
centrifugal pump when running at its design speed, curves 
may be plotted showing the relation between efficiency, brake 
horse-power, head, and discharge. These are known as 
characteristic curves, and are plotted for one speed only. 
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(WortUngtonSinipson, Ltd ) 

Fig. 132. — Pebfobmance of Sestgle Impelleb Low -lift Pump 
O utput, 4,500 gallons per minute ; head, 44J- ft. ; speed, 875 r.p.m. 

From these curves it is possible to estimate the performance 
of the pump under any condition of working at the speed for 
which it was designed. Characteristic curves of a single 
impeller low lift pump are shown in Fig. 132 ; in Fig. 133 are 
shown the characteristic curves of a multi-stage high lift pump.' 
Both these sets of curves were taken from Worthington pumps, 
and were supplied by the makers. The dotted vertical line 
on each diagram is drawn through the point of maximum 
* By dourtesy of Messrs. Worthington-Simpson, Ltd. 
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efficiency ; from the points of intersection of this line with the 
other curves, the best conditions of running may be read off. 

116. The Least Diameter of Impeller. It is usual to make 
the outside diameter of an impeller to be twice the inner 
diameter. On this assumption, it is possible to obtain an 
expression for the minimum diameter of an impeller which 
will enable it to start pumping when running at its normal 



speed. The solution is based on the result of Art. 110 which 
showed that, for the pump to start pumping, the centrifugal 
head must equal the actual lift. 

From the equation of Art. 110, 

vp 

Actual lift — % = - — ^ 

2gr 

As V — cor and Vi = coTi, 
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(/j outer diameter of impeller 
d = inner diameter of impeller 

= 2d 


18*54 //"Xi 

From which, (h = 


Heiicc, di ■ 


2tt}i where n = no. of revs. 

per min. 


mxHi 


2l20Vh . 

in. 

n 

Assuming a manometric efficiency of -76. the actual lift h 
will eq^ual '75 of the theoretical lift H. 

1840 VH . 


This equation is used in practice for the design of impellers ; 
the outside diameter should be at least this amount otherwise 
the impeUer will be unable to start pumping at its normal 

m The Des^ o£ a Turbme Pump. The foUo^ng is a 
rough outline of the design of the piping, impeUer and diffuser 
of a turbine pump, and is based on the matter already dealt 
with in this chapter. It is assumed tlmt the 
charge, actual hft and speed are given. The actual lift should 
not be more than 140 ft. for one impeller, if more than this 
amount a multi-stage pump should he used consisting of two 
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or more identical impellers in series. Tlie speed should be 
between 1,000 and 2,000 revs, per min. 

Let Q = reqidred discharge in gals. |)er min. 

k = actual lift in feet per impeller, neglecting pipe 
losses. 

The remaining notation will be the same as given in Art. 97. 

First find the specific speed from the equation of Art. 113 : 
if this does not lie below 8,000, more impellers must be used. 

The Suction Pipe. Let = velocity in suction pipe in 
ft. per sec. In practice this velocity varies between 5 and 15 ft. 
per sec., assume an average value of 10 ft. per sec. for 

Q 

Then, area of suction pipe — ttv; sO- 

^ ^ 6*24 X 60 X 

From this the diameter be obtained. Use the nearest 
whole number to this from a list of British Standard Pipes. 

The Delivery Pipe. Let == velocity in delivery pipe 
in ft. per sec. In practice this varies between the same limits 
as the suction pipe ; hence, assume an average value of about 
10 ft. per sec. 

Q 

Then, area of delivery pipe = sq. ft. 


Hence, find the nearest standard pipe to suit. 

The Impeller. Assume the outside diameter to be twice 
inside diameter. Calculate the outside diameter di from the 
equation given in Art. 116. 

Assuming a manometric efficiency of -75, the theoretical lift 
•75 


Then, 


, 1840 VH. 

di — m. 


and 



Hence, v and may now be calculated, as t; = co x radius. 
In practice, the blade angles 6 and vary between 12° and 
30°. Choose values for 6 and between these limits, these 
may require altering later if the velocities obtained from them 
do not suit. 

As 6 and v are now known, the inlet triangle may be drawn 



Absolute Velocitv 
_£nd OF Suction Ptp»E 
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on tlie assumption that the water enters radially (Art. 109). 
Also, from the equation of Art. 109, 


hence is obtained.* 

As <l>, i\ and are now known, the outlet triangle can be 
drawn (Art. 109). All velocities in the impeller can be obtained 
from the inlet and outlet triangles. 



Path of Water 

Fig. 134 


To find the width of the impeller at inlet use the equation- 

sawo-”*"' 

To find the width at outlet use the equation— 

n 

= 


6-24 X 60 


If these widths b and b-^ are not suitable for practical pur- 
poses, the assumed angles 6 and <j> must be altered ; this can 
only be done by trial. Another check to prove whether the 

* An alternative method is to assume the velocity of flow to be constant 
throughout the impeller and equal to about 10 ft. per sec. Then 6 and ^ 
can be obtained from the velocity diagrams at inlet and outlet. 
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angles 0 and ^ are suitable is to plot the al)solute velocity of 
the water as it passes through the pump, as shown in Fig. 134. 
The base of this graph represents the centre line path of the 
water through the pump as a measured distance. The vertical 
ordinate represents the absolute velocity of the water. The 
absolute velocities and are known ; the absolute velocities 
r and Fi can be obtained from tlie velocity triangles ; the 
lengths of the path of the water at various points in the 
pump may be estimated from an existing pump of a similar 
design. 

Vs is plotted at the point where the suction pi 2 >e is attached 
to the pump casing. 

F is plotted at the beginning of the blade, 
is. plotted at the tip of the blade. 

is plotted at the point where the delivery jiipe is attached 
to the casmg. 

In a well-designed pump, the absolute velocity of the water 
should increase smoothly from the suction pipe to the outlet 
of the impeller blade ; it should then fall smoothly in the 
diffuser until the delivery pipe is reached, as shown in Fig. 134. 
Any abrupt change in the absolute velocity will cause a loss 
of head and should be avoided. If, after plotting these 
velocities, a suitable curve is not obtained, the assumed values 
of B and must be altered. 

The number of blades in the impeller vary vdth the size ; 
six would be sufficient for a small pump and twelve for a 
large pump. 

The Dieeuser. The diffuser should have about the same 
number of blades as the impeller, and as these blades are at 
rest, the relative velocity of the water to the blade will be the 
absolute velocity of the water. Hence, in order that the water 
will glide over the diffuser blade without shock, the blade at 
inlet of diffuser must be parallel to the absolute velocity F^ 
of the w^ater leaving the impeller ; that is, to the angle ^ 
(Fig. 129). The w^ater will ghde over the diffuser blade, and 
as the area of flow' becomes larger with the increased radius 
of the diffuser, the velocity will become smaller. The w'ater 
will flow from the diffuser blade into the wiiirlpool chamber in 
a direction parallel to the diffuser blade at outlet, and as the 
flow of the w'ater in the whirlpool chamber is circumferential, 
it follows, therefore, that the diffuser blade angle at outlet 

19 — ( 5167 ) 



290 


BYDEAVLICS 


should be as small as possible, which is about 10*^ to lo'". 
Hence, assume an angle of lO"" for the dih’iiser blade an outlet. 

After leaving tlie dilfuser blade the water will pass through 
the whirlpool chamber into the discharge pipe. The object 
of the whirlpool chamber is to collect the water from the 
diffuser blades and to provide a passage to the discharge pipe ; 
hence, it is spiral in shape owing to its cross-sectional area 
increasing uniformly up to the discharge pipe diameter; this 
allows for the increasing volume of w^ater flowing through it. 
The full reduction of velocity from to takes place in the 
diffuser, but as there is an unavoidable loss of about 2 ft. 
per sec. in the whirlpool chamber, the water should leave the 
diffuser blade with a circumferential velocity of + 2. Then 
the outlet velocity triangle for the diffuser blade will be as 
shown in Fig. 135 ; it is a 10° right-angled triangle with a 
base of -f 2. The hypotenuse represents the actual velocity 
when leaving the blade, the radial component of this will he 



the velocity of the flow Vf^ which is lost in shock in the whirl- 
pool chamber. 

Let ^2 == breadth of diffuser at outlet, in feet. 

= diameter of diffuser at outlet, in feet. 

Then, Q ~ Trd^b^ F/2 

From this equation 62 can be found if d^ is first assumed, 
as F/2 is already known. 

As a first attempt, assume to be 6 in. greater than d ^ ; 
if this does not give a suitable value for 62 another value for 
^2 must be chosen. 

A view of a single impeller Worthington pump* is shown in 
Fig. 136. 

118, The Multi-stage Pump. A single impeller will produce 
a head of not more than 140 ft. ; if a larger head than this is 

* By courtesy of Messrs. Worthington -Simpson, Ltd, 
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required other impellers are fitted in series, so that the discharge 
from the first impeller is guided into the inlet of the second 
impeller. This is repeated with the third impeller, and so on, 
until the required head is reached ; each impeller will increase 
the water pressure by the same amount. A pump of this 
type is called a multi-stage pump, and may be a two-stage, 
three-stage, etc., according to the number of impellers fitted 
in the casing. A view of a four-stage pump* is shown in 
Fig. 137. 

All the impellers are keyed to the same shaft, and usually, 
all impellers and diffusers of oi^e pump are identical ; this has 
the advantage of reducing the labour in manufacture. The 
discharge from each diffuser is either circumferential or radial, 
this is collected by vanes attached to the casing which deflect 
the water into the eye of the next impeller. The last diffuser 
will discharge into the delivery pipe. 

The design of an impeller and diffuser of a multi-stage pump 
is the same as for a single stage pump (Art. 117), the head 
used for design being the head per impeller. 

Examples 11. 

(1) A centrifugal pump is required to deliver 6,300 gallons of water per 
minute, against a head of 20 ft., at a speed of 600 revs, per min. Assuming 
that all the velocity head is lost, and that the actual head is 75 per cent of 
the theoretical head, find the diameter and breadth of the impeller at outlet. 
The velocity of flow, taken as constant, is 10 ft. per sec., and the blades are 
curved back 30® to the tangent at outlet. Also determine the inlet blade 
angles, if the inlet diameter is made half the outlet diameter. (London 
Univ., 1919.) 

d = 1-25 ft. ; 6 = 5-15 in. ; 0 = 27®. 

(2) A centrifugal pump is employed to pump water from a river into a 
canal. The pump is fixed with its centre at fi. ricidi: of 20 ft. above the level 
of the surface of the water in the river, and il'.c nioui h of the delivery pipe is 
30 ft. above the level of the surface of the water in the river. The velocity 
of flow through the delivery pipe is 5 ft. per sec. If the angle made by the 
tangent to the blade with the tangent to the wheel at the discharge edge is 
125°, and if the radial velocity of flow through the wheel is 5 ft. per sec., 
determine (1) the pressure head at the inlet circumference of the wheel, and 
(2) the pressure at the outlet circumference of the wheel. (London Univ., 
1917.) 

Am. — (1) 13*61 ft. of water (abs.) ; (2) 30*39 ft. of water (abs.). 

(3) A centrifugal pump is placed with the centre of the impeller at a height 
of 12 ft. above the water in the suction well. The suction pipe is 5 in. in 
diameter, and the discharge is 350 gallons per min. The total head through 
which the water is lifted is 75 ft. The vanes of the impeller at exit are set 
back and make an angle of 150® with the tangent to the wheel. The radial 
velocity at exit from the wheel is 10 ft. per sec., and the efficiency of the 
pump is 70 per cent. Determine {a) the velocity of the rim of the wheel ; 

* By courtesy of Messrs. Worthington-Simpson, Ltd. 
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{b) iiie pressures at the inlet and outlet of the wheel, on the assumption that 
the wiioie loss of head takes place after the water leaves the wheel. (London 
Univ., 1915.) 

(a) (iS*80 ft, per sec. ; (6) 21-27 and 86*3 ft. of water (abs.). 

(4) A centrifugal pump having a wheel 1 ft. outside diameter rotates at 
1,000 revs, per min. The vanes are radial at exit and are 3 in. wide. The 
velocity of radial flow tlirough the wheel is 10 ft. per sec. ^ The velocities in 
the suction and delivery pipes are 8 and 5 ft. per see. respectively. Neglecting 
frictional losses, determine (1) the height through which the pump lifts; 
(2) the horse-power of the pump. (London Univ., 1917.) 

Am~{l) 84*61 ft. ; (2) 75-6 h.p. 

(5) A centrifugal pump wheel is 20 in. external and 10 in. internal diameter. 
It runs at 950 revs, per min. The vanes are set back at an angle of 35° to- 
the outer rim. If the radial velocity of the water through the wheel be 
maintained constant 6 ft. per sec., find the angle of the vanes at inlet, the 
velocity and direction of the water at outlet, and the vrork done by the wheel 
per pound of water. (London Univ., 1920.) 

Ans. — 8|° ; 74-4 ft. per sec. ; 4^° ; 191 ft. lb. 

(6) A centrifugal pump of 4 ft. diameter runs at 200 revs, per min., and 
pumps 66-5 eu. ft. per sec., the average lift being 20 ft. The angle which 
the vanes make at exit with the tangent to the impeller is 26°, and the radial 
velocity of flow is 8 ft. per sec. Determine the useful horse-power and the 
eflaciency. Find also the lowest speed to start pumping against a head of 
20 ft., the inner diameter of the impeller being 2 ft. (London Univ., 1913.) 

,4?ia. — 151 h.p. ; 60*6 per cent ; 198 revs, per min. 

(7) Give a short account of the various methods which have been adopted 
to increase the efficiency of a centrifugal pump by altering the shape of the 
casing or chamber surrounding the impeller. (London Univ., 1921.) 

(8) A centrifugal pump running at 390 revs, per min. discharges 4 cusecs. 
The impeller is 10 in. diameter at inlet and 21 in. at outlet ; the inlet width 
is 5 in., and the outlet width 3^ in. Neglecting friction losses and the thick- 
ness of the vanes, what is the head pumped against if the vanes at outlet are 
curved back to give a discharge angle of 28° ? (A.M.I. Civil E., 1922.) 

Ans.~34-4ft. 

(9) A centrifugal pump has an impeller 4it. in diameter, whose peripheral 
speed is 30 ft. per sec. ^ Water enters the eye of the pump radially and is 
discharged with a velocity whose radial component is 5 ft. per sec. The 
vanes are curved backward at exit and make an angle of 30° with the peri- 
phery. If the pump discharges 120 cu. ft. per min. what will be the turning 
moment on tho shaft ? (A.M. Inst. C.E., 1926.) 

Ans.— 1661b. ft. 

(10) The impeller of a centrifugal pump has an external diameter of 12 in. 
and an internal diameter of 6 in. If full of water, with the discharge pipe 
closed, what would be the difference of pressures at the outer and inner 
periphery, corresponding to a speed of 300 revs, per min ? (A. M. Inst. C. E. 
1925.) 

Ans.—2'87 ft. of water 



CHAPTER XII 

VISCOUS RESISTANCE OF FLUIDS 

119. Viscous Flow. A fluid flowing steadily in a channel with 
smooth sides wiU have a velocity which varies over the cross- 
section of the channel. The layers of fluid adjoining the sides 
will be at rest ; the layers adjacent to these will have a small 
velocity ; there will then be a. gradual increase in the velocity 
of the layers of fluid as the centre of the cross-section is 
approached. It follows from this that any two adjacent 
layers vill be moving at different velocities, and there will be 
a resistance to flow between them. This resistance between 
two adjacent layers is known as viscosity. 

The viscous resistance of a fluid is analogous to the shear 
resistance of a solid and is probably due to molecular attraction 
acting on planes inclined to the direction of flow. The fric- 
tional resistance of a fluid in a rough pipe is actually due to 
viscosity, as the rough sides of the pipe will cause cross- 
currents or eddies, the energy of which are ultimately destroyed 
by viscous resistance. The resistance of ships or other bodies 
moving in a fluid is due to viscosity ; the movement of the 
body in the fluid sets up eddies and waves which are ultimately 
destroyed by viscosity. 

The viscous resistance of a fluid will depend on its coefficient 
of viscosity, on the temperature, its density, its velocity, and 
on the size of the channel; an equation may be obtained 
which is apphcable to all fluids, whether hquids or gases, 
which will hold for velocities below and above the critical 
velocity, and which is suitable for channels of all sizes, from 
small capillary tubes to large pipes. A viscous resistance is 
independent of the material of which the pipe is made. 

120. Coefficient of Viscosity. The phenomenon of viscosity 
was first investigated by Sir Isaac Newton. Let Eig. 138 
represent the section of a channel or pipe through which a 
fluid is flowing. Consider a longitudinal layer of fluid a 
distance of y from the side of channel and let the thickness of 
this layer be dy. Let the velocity of the layer at distance y 
from the side be v and let the velocity increase by dv over the 
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la}’er. Consider a section abed of the layer when the fluid 
is at rest ; then, when the fluid is flowing, the section abed 
will distort to the shape aefd in one second. An enlarged 
view of the distorted section is shown in the figure. The 
resistance of the laj-er to this distortion is known as a viscous 
resistance, and will cause a stress, known as a viscous stress, 
to act on the layer. If the fluid in the w-hole channel section 
is considered to consist of similar layers, it follows that the 



Fig. 138 


velocity over the section will increase from the sides to the 
centre. 

Let = angle of distortion due to viscosity 
f = viscous stress 
= resistance per unit area 
fi~ coefficient of viscosity of fluid. 

The coefficient of viscosity of a fluid is defined as the relation 
between the viscous stress and the angle of distortion. 

But, from figure 138, 4> = ^ 
dy 

= ^ ( 1 ) 

dy 

. dv 


From which, 


( 2 ) 
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It is interesting to notice the analogy between this viscous 
distortion of a fluid and the shear distortion of a solid. Con- 
sider the solid abed (Fig. 139) under a shear stress q ; the solid 
will distort to the shape aefd, cj> 
being the angle of shear distortion, 

If C is the shear modulus or modulus 
of rigidity, 


then 


C 


f 



'f 


Fig. 139 


This is analogous to f^he 

coej0ficient of viscosity [j, correspond- 
ing to the modulus of rigidity (7, and the viscous stress / 
corresponding to the shear stress q. 

If if, L, and T represent the fundamental dimensional units 
of mass, space, and time, the units of fx may be found by 
substituting these in Equation (1). 


« dv 


force _ velocity 
area ‘ distance 


mass X acceleration _ velocity 
area * distance 


_(M 

- X 

- ^ 

~ TL 

121. Effect of Temperature on Viscosity. PoiseuiUe inves- 
tigated the viscous resistance of water flowing through 
capiUary tubes* and found that the resistance to flow varied 
inversely with the temperature. This is, of course, well 
known in the case of oils, which flow more easily when warm. 

Let iJL = coefficient of viscosity at any temperature t in 
degrees centigrade. 

/Xq = coefficient of viscosity at 0° C. 

* Comptes Rendus, 1840-41. 
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Then, fnjin Foiseiiille’s experiments, 
1 




1 (h -r M- 


vvhero a and b are constants. 

For filter, Poisonille found that 

1 


,« — /'o \^i _L_ .o 3368« J- •000221f 
•0179 


— C.G.S, units 

(1 + -ossest + ■000221t-) 


■0179 


1 -r •0336S{"+ -000221^ ^ 453-6 X 32-2 
•00003716 


30-6 


ft. lb. units 
ft. lb. units . • (1) 


(1 *03368^ -j- *000221^“ 

The relation between the coefficient of viscosity and the 
density is known as the kinematic viscosity. 

V = kinematic viscosity 
p = density of fluid 


Then 


p 


Substituting for jli from Equation (1), for water. 


f — 


•00003716 


X 


32-2 

6^ 


1 + -03368^ -f •00022U- 
•0000192 

— SO. ft. per sec. 

(1 + -03368^ + -000221^^ ^ ^ 


( 2 ) 


It will be noticed that the units of the kinematic viscosity 
V are -yr, ; tor, 


T 


v=- p 

__M ^ M 

~ r 
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122. Stream Line and Turbulent Flow. The experiments of 
Professor Osborne Pejmolds on stream line and turbulent flow 
of fluids have been described in Art.. 60. ‘ Reynolds found 
that 

2000 (.1 
dp 

__ 2000 r 

^~ir . 

where t’c = lower critical velocity 

and d = diameter of pipe. 

This may be written 


and applies to any fluid and to any system of units. 
vd 

The quantity — is sometimes called the Reynolds’ criterion 

and is very important with problems on viscosity. 

Exhaustive experiments on the flow of fluids in pipes were 
carried out by Stanton and Pannel.* Their results were 

plotted with log. — as base and as ordinate ; where B 

is the viscous resistance per square foot of wetted surface. 
The curve obtained is shown in Fig. 140. The portion AB 
of the curve represents their experimental results on stream line 
flow, the point B being the lower critical velocity. The 
portion BG represents the results for the state of change 
from stream line flow to turbulent flow, the point G being the 
higher critical velocity. The portion CD of the curve repre- 
sents their experimental results on turbulent flow. 

At the lower critical velocity, point B, it was found from the 
curve that 


vd 


• = 2000 


* Fhil. Trans., VoL 214. 
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At the higher critical velocity, point C, it was found that 

V 


2500 


Hence it follows, that for any fluid in motion, if the quantity 

— is less than 2,000 the flow is stream line ; if the quantity — 

is greater than 2,500 the flow is turbulent. Between these 
two values the fluid would be in a state of f ?? 

type of flow to the other. These values hold for all fluids, 

at all velocities and temperatures. 

Stanton and Pannell also plotted on their curve the results 
of former experimenters on pipe flow and found that these 
riults approximated to their own curve. The complete 
results plotted by Stanton and Pannell inolucied experimen s 
on the flow of water, air, and oil, through 
diameter from smaU capillary tubes to large water supply 
pipes of 5 ft. diameter. It was found that, excepting for a 
slight deviation due to the roughness of the inside of the large 
pipes, they all followed the curve of Fig. 140. 

Example. 

The density of a fluid A is 0-8, and its coefficient of 
or units ^The density of a second fluid B is 0-6 and its coefficient of 
Which y^ill have the loy^er critical velocity under given 
conditions of flow ? What will be the ratio of the critical velocities ? (London 
Univ., 1926.) 


Fluid A. 




V = - 


p 


•8 


= ‘0125 


For critical velocity, 

= 2000 

•0125 + 2000 


25 

cm. per sec. 


Hence, 
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Fu’ii) B, 


Then, 


V 




fi 

P 


•005 


— -00833 


V X 2000 
d 


•00833 X 2000 

~7l 


10-66 

Hence, fluid B has the lower critical velocity. 

25 _ 16-66 

Ratio of critical velocities ~ ^ 



= 1-5 

123, Viscous Flow througli Round 
Pipes. An equation for the viscous 
resistance in a round pipe may be 
obtained by equating the force on the 
fluid, due to the drop in pressure, to 
the viscous resistance. Consider a 
fluid to be flowing along a pipe, the 
cross-section of which is shown in Fig. 
141, and consider a cylinder of fluid 
of radius y and of unit length. 


Let r == radius of pipe 
V z= velocity of fluid 
i = slope of hydraulic gradient 
li = head lost in resistance per unit length of pipe 
f = pressure drop per unit length. 


Viscous resistance of cylinder ) = surface area X viscous 
of radius y and unit length ) 


= 2772/ X / 
dv 


( 1 ) 


by substituting for / from Equation (2), Axt. 120. It should 
be noted that ^ wiU be negative as y is now measured outwards 



VISCOUS EESISTANCE OF FLUIDS 303 
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from the centre. In Art. 120 y was measured inwards from 
the sides. 

Difference of total pressure ) 

T i* T 1 — Tr y" X p 

on ends oi cylmder ^ ^ ^ 

as p — density x loss of head per 
unit length 
= pg X i 

As the viscous resistance of 
cylinder must equal the net force 
on the ends of the cylinder, Equa- 
tion (1) wiU equal Equation (2). 

dv 


Hence, - 2 
From which, dv 
Integrating, ^ 


'^^dy "" 

pg^ydy 



2pL 

pgif 

4.P 


+ Cl 


(Jl) 


where Ci is the constant of integration. 

Wlien y ~ r, v = 0, as the fluid is stationary at the sides. 


hence, 0 == 

From which, Cj = 


_pgir" 

pgi^ 


-f Cl 


ip . 

Let Vy = velocity at radius y, 

Then, from Equation (3), Vy = ~ 

ip 


(4) 


Next consider a hollow cylinder of the fluid of radius y and 
thickness dy (Fig. 142). Let Q be the total quantity flowing 
through the pipe per second. 

Ifc will bo noticed from this equation that maximum velocity occurs 
when y ~ 0 ; then maximum velocity — 
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Then, C[iiantity flo^^ing 1 ^ = area X velocity 

throughhoUowcylhider) 

from Equation (4) 


Integrating bet ween j/ = 0 and y — 

^ 'Zlll f {r‘'-y-y^)dy 

2 ,« Jr 

_ 77pgi r?'V_<jT 

2^ 1_ 2 4_r 

TTpgir* - 
~~ Sfi 

Let V = mean velocity of flow in pipe 

Q 

area of cross-section 

_ 2 
“ 8/i ' 

Sju 

_ (5) 

”” 8r 


as v=^ (Art. 121) 

P 

For a pipe flowing full, the hydraulic mean depth m is 

hence, substituting in Equation (5). and calling the diameter 
of pipe d, 

^ * Svv 

rmg = 'j 


Dividing both sides by 

mig 

\ V / 

This may be written, 
mig rifdvY 


( 6 ) 


lOi 
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where c and n are constants depending on whether the flow 
is stream line or turbulent. 

Lefc R = viscous resistance per unit area of whetted surface. 
Then, as resistance at sides is equal to net force on fluid, 

2 77 f X R = p X 77 f 2 

— ipg X 7rr- p = ipg 

Hence, R — 


Putting 7)1 = ~ and dividing both sides by 


R in i g 

pv^ ~ 

Combining Equations (6) and (7), 

PV^ ~ ^2 “ 


( 7 ) 


( 8 ) 


which is the complete form of the equation for the flow of 
fluids in pipes. 

dv 

If the term “ is less than 2,000, the flow will be stream line 

V 

and will belong to the portion AB of the curve in Eig. 140 ; by 

plotting log ^ and log — of this portion of the curve the 

values of the constants C and n for stream line flow may be 
obtained. 

If the term — is more than 2,500, the flow- will be turbulent 


and will be represented by the portion CD of the curve of 

Fig. 140. Then, by plotting log and log “ for this 

portion of the curve the values of the constants C and n for 
turbulent flow are obtained. 

For stream line flow. 


dv 


is less than 2,000 


(7=8 
n = - I 


20 ~( 5167 ) 
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For turbulent flow, 


— is ffreuter than 2,500 

V 

C = -032* 
w = - -23* 


dv 


In all problems on pipe flow the valve of — must first be 

worked out ; then, if less than 2,000, use the values G =8 
and K = - 1, and solve from Equation (6). If the value of 

— is more than 2,500, use the values G = -032 and?i = - -23, 

V 

and solve from Equation (6). . , , . . 

It is interesting to notice that Equation (6) is another form 
of the well-knoivn Chezy formula (Art. 69). By substitutmg 

in Equation (6), m = j and i = j the equation becomes— 


Ji = 


I 

4:flV^ 


where the coefficient 


Hence the Chezy 


2gd 

^(vdy 

/= 20 (-). 

formula could be used for viscous flow if the coefficient / is a 
function of the velocity, the diameter, the density, and the 

temperature. ^ 

The viscosity formula of Equation (6) is an alternative 
method for calculating the flow of fluids in pipes and gives results 
more accurate than the Chezy formula, although practical 
engineers stiU use the latter. The Chezy formula does not 
allow for the temperature of the fluid, which makes a con- 
siderable difference to the flow. Eor rough_ approximations 
the Chezy formula is the simpler to use, and it would be very 
difficult to apply the viscosity formula to some of the more 
complicated problems on pipe flow, given in Chapter in 
which aU losses must be expressed in terms of the velocity head. 

Example 1. 

Water Bows along a pipe o{ iin. diameter and 100ft. long; .*6 pipe is 
running full. Find the loss of head when : (a) the temperatme is 6 C. and 
S Vdocity is 1 ft. per see. ; (6) the temperature is 70” C. and the velocity is 
10 ft. per sec. 

* There is a slight variation in the values of C and w given by different 
authorities. From the author’s plotting, C = *048 and = - *-7. 
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(a) From Equation (2), Art. 121, 

•00001926 

’’ ~ 1 + (-03368 X 5) + (-000221 X 25) 

= -0000164 

Next find tlie value of the term ~ 

V 

vd I 1 

_ y _ 1970 

V -0000164 4 X 12 

As this is less than 2,000, flow is stream line, hence — - 1 
and G = 8. 

Applying Equation (6), 

mi'g ^ 

= 8(1270)-! 

= *0063 


From which, 


But, 


ib) 


Then, 


i ~ X -0063 
a 

4^ 

1 X -0063 X 4 
~ i X tV X 32-2 

= -0376 ft. 

Ih = 1 1/ 

= -0376 X 100 
= 3*76 ft. of water. 

•00001926 

’’ “ 1 + (-03368 X 70) + (-000221 X 4900) 
= -00000435 

vd 10 

7 “ -00000435 X 4 X 12 ~ 


As this is more than 2,500, flow is turbulent, hence n ~ - *23 
and C = -032 
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Using Equation (6), 


^ ^ .032(48,000) -*23 


From which, 


But, 


= .00272 


•O0272 V- 



■00272 X 100 X 4 
= ^ X iV X 32-2 " 
= 1-02 
h = i X I 
= 1-82 X 100 
= 162 ft. of water. 


Example 2. , . 

Oil at a temperature the'ho’rse-power required 

“ "sornflf ii^oa per hour along a pipe line 6 in. diameter and 
1,000 ft. long. 


Quantity per sec. 


wei ght per sec. 

' weight per cu. ft 
20 X 2240 


^ 57*2 X 3600 

. A = — 

' area 


= -218 cu. ft. 


4X i 


= Ml ft. per sec. 


Then, 


vd 

V 


Ml X J 


•0205 


== 27-1 


As this is less than 2,000, flow is streamline, hence = - 1 

and c = 8. 

Using Equation (6), 

^ = 8(27-in 

V-^ 

= *296 

. -296 X (Ml)'- X 4 

i X 32-2 
= -0907 


From which, 
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But, 


li = i Xl 
= -0907 X 1000 
= 90-7 ft. of oil 


Then, horse-power required — 


Wh 
550 
20 X 


2240 


3600 
= 2*05 


90'7 

JEo 


124. Viscous Flow between Horizontal Flat Surfaces. The 

viscous flow of a fluid between parallel surfaces may be dealt 
with in a manner similar to the previous article. This type 



Fig. U3 


of flow occurs when leakage takes place between two surfaces 
such as between the piston and the cylinder walls. 

Consider two parallel surfaces at a distance of t apart through 
which a fluid is flowing ; let b be the breadth of the surfaces 
and consider unit length. Fig. 143 represent a cross-sectional 
view of the plates, perpendicular to the direction of flow. 
Consider a central layer of the fluid of thickness 2y ; that is, 
its boundaries are y from the centre. Then, the longitudinal 
viscous resistance of the layer will equal the longitudinal force 
on the ends due to the pressure drop. 


Viscous resistance of 
layer per unit length 


j = stress X wetted area 


= -^^x26 

dv 

This will be negative, as y in the term was measured from 
the sides (Art. 120). 

Longitudinal force on ) ^ i 

layer per unit length) = «ross-seetional area x pressure drop 

= X f>gi 

= pgh, and h = i for unit length. 


as pressure drop 
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Heiiee, equating these two equations, 


-,"^26 = 2byp(ji 


From which, 

11 

1 


Ll 

Integrating 

II 


pgiy^ ,n 

— 


where 6\ is the constant of integration. 



Fig. 144 


(i) 


’When 2/ == 25 ^ = 0, as there is no motion at the sides. 
Putting this limiting condition in Equation (1), 

p Q i 


0 = - 


From which, 


0, 


S/j, 

eiit 

SjLl 


+ 


Substituting this value in Equation (1), 


=^Y-- 
2^ U 


r 


( 2 ) 


where v,j is the velocity at any distance y. 

The maximum velocity in the whole cross-section is when 
y = 0. Then, from Equation (2), 


maximum velocity = ^ , . (3) 

Next consider a thin layer of the fluid at y from the centre 
and thickness dy (Fig. 144) ; let dQ be the quantity flowing 
through layer per second. Then, 

dQ = bdy X Vy 
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Integrating for total quantity between the surfaces, 


t 



h pgiF 

"" 12fji 

Q 

Mean velocity of flow = -y = 

cross-sectional area 


b pg if 

~12jr 


” bt 


pgif 

12 ^ 


(4) 


It will be noticed by comparing Equations (3) and (4) that 
the mean velocity is two-thirds of the maximum velocity. 

By substituting the values ^ = x and v = - Equation (4) 
becomes — ^ 


6 



mig 


. (5) 


which is a similar form to Equation (6), Art. 123, which was 
deduced from a round pipe. 

Let B = viscous resistance per sq. ft. of wetted surface. 
Then, viscous resistance per unit length 

= (area of cross-section) x pressure drop per unit length 
Or, Bx 2b = pXtb 

from which, B — pgi x ^ {s,s p — pgi) 

= pgim 

Dividing throughout by 

B mig 
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Combining Equations (5) and (6), 


B 


pv- 



( 7 ) 


where C and n are constants depending on the type of flow 
and which are determined from experimental results. It will 
he noticed that Equation (7) is the same form as Equation (8) 
of Art. 123. 

It w’iil also be noticed that Equation (5) reduces to the same 
form as the Chezy formula, v = C V mi, for the how^ in open 
channels (Art. 70), if the Chezy constant C is written 



Example. 

The radial clearance between a hydraulic plunger and the cylinder walls 
is *004 in. ; the length of the plunger is 12 in. and the diameter 4 in. Find 
the velocity of leakage and the rate of leakage past the plunger at an instant 
when the difference of pressure between the two ends of the plunger is 30 ft. 
of water. The temperature of the water is 10® C. 

The flow^ through the clearance area will be the same as the 
flow between two parallel surfaces. 

Assuming the wdiole of the pressure head is lost, 

hf 30 


Erom Equation (2), Art. 121, 


•0000192 


^ 1 + (-03368 X 10) + (-0002221 x 100)" 
•0000192 


1-359 


- = -0000141 


Erom Equation (4), 


mean velocity = v = 

32-2 X 30 X *0042 
~ 12 X -0000141 X 144 


= -634 ft. per sec. 
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Rate of flow = (g = -y x area of annular ring 
= V X TrDt 


•634 X ^ X X 


•004 

"U 


= *000221 cu. ft. per sec. 


125, Resistance of Oiled Bearings. A shaft revolving in an 
oiled bearing will be separated from the bearing by a thin film 
of oil. The layer of this film adjacent to the bearing will be 
at rest, whilst the layer adjacent to the shaft will be revolving 
with the same velocity as the shaft. The resistance of the oil 
film will, therefore, be due to the viscosity of the oil. 


Let t = thickness of oil fihn 


D = diam. of shaft 


n = speed of shaft in revs, per min. 
I — length of bearing. 


Then, from x4.rt. 120, 


/= /« 


dv 

dy 


where / is the resistance per unit area. In this case, as the 
oil film is very thin, dv will be the tangential velocity of the 
shaft and dy will be the thickness of the oil fihn. 


Then, 

irDn 

60i 

Tangential resistance on bearing — f'nB I 

resisting torque — frr El X w 
fjLTT^DHn 

"" 120 r 

Horse-power absorbed in viscosity 

torque in lb. ft. X ^ttu 
"" 33,000 
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Example. 

Define tlie terms “ eoefiicient of viscositj^” and “ kiuomaticai viscosity.’’ 
A shaft 4 in. diameter runs in a bearing of length Sin., the two surfaces 
being separated by a film of oil *001 in thick. If the coefficient of viscosity 
of the oil is 1*53 C.G.S. units, find the torque necessary to rotate the shaft 
at 30 revs, per min. auainst the viscous resistance of the oil. (London 
Univ., 1925.) 


a = 1-53 C.G.S. units 


= l-r)3 X 


30- 0 


Viscous torque 


4o3-6 X 32*2 
:= *0032 ft. lb. units 
iittUFIu 


ft. lb. units 


120 ^ 

•0032 X 77^ X (If X f X 30 


120 X 


•001 

~n 


lb. ft. 


= 2-34 lb. ft. 


126. Principle of Dimensional Similarity. Lord Rayleigh has 
sliouir^ that Reynolds’ results on the flow of water through 
pipes are only one particular case cf a general principle 
applicable to all types of fluid resistance. This general prin- 
ciple is known as the principle of dimensional similarity, and 
is obtained by balancing the fundamental units on each side 
of the equation. The following are the fundamental units for 
the quantities used — 

Mass = if 


linear dimension = L 

time = T 

velocity — 

acceleration — LT'^ 

force = mass x acceleration = 

(Art. 120) 

p = mass -4“ volume = ML'^ 
V = (Art. 121) 


Case 1. — Resistance due to Viscosity only. It is 
known that the viscous resistance of a fluid depends on the 
wetted area, the velocity, the density, and the coefficient of 


* Scientific Paperst Vol. vi, Art. 392. 
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viscosity. Assuming the actual law of variation fco be unknown , 
the equation for the resistance may be written, 

R ^ h p" IM L'^ . . . . ( 1 ) 

where a, h, c, and d are unknown indices, R is the total resist- 
ance, and h is a constant to be determined experimentally. 
Now the fundamental units for each side of this equation must 
balance ; hence, by putting the total resistance ^ as a force, 
and by substituting the fundamental units for p, jjl, and v, the 
equation becomes, 

MLT-^- = L\LT-^f 

That is, ifiT-2 = 

Now, as the indices of 31 on each side of the equation are 
equal, 

I z= a + b 

From which, a = 1-b (2) 

Also, as the indices of L on each side of the equation are 
equal, 

1 = - 3a - 5 + c -f d . . . . (3) 

Also, as the indices of T on each side of the equation are 
equal, 

-2 = -b-d 

From winch, d — 2-b . , . . . • (4) 

Substituting the values of Equations (2) and (4) in Equation 

( 3 ), 

1 = — 3(1 — 6) — 6 -j- c -j- (2 — 5) 

From which, c = 2-5 . . . . . • (5) 

Substituting the values of a, c, and d in Equation (1), 



B = h 




• . (6) 

But 

T 

V ~ ~ 



P 


hence, 

11 

£ 

• (T) 
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It will be noticed that this is the same equation as that 
obtained hy Froude (Art. 55) if the coefficient f is written as 



It will also be noticed, from Equation (7), that true dynamical 
similarity between two bodies can only be obtained when the 

V 

term j- is the same for both,, as it is necessary that the unknown 

Jj V 


\b 

] should cancel when comparing the two resistances. 

Equation (7) is usually m’itten, 

B = ( 8 ) 

where <j} means a function of.’’ 

Case 2. — Resistance due to Viscosity and Gravity. 
This is the case of ships moving in water against a viscous 
resistance and a wave resistance. The resistance to the 
formation of surface waves is a gravity resistance, as the wave 
gains in potenti#! energy. Hence the combined resistance may 
be written, 

T> 7. a b tc d e 

It — k p LI L V g 

where h is a constant to be determined experimentally. 

Substituting in the above terms their fundamental units, 
the ecpiation becomes, 

MLT- = {ML-^f{ML-^T-'^fL\LT-^f(LT-^-f 




Equating the indices of M, 

I = a -Y b 

From which, a = l-b . . . . (9) 

Equating the indices of L, 

1 = — 3a ~ b ^ “b ^ • • • . (10) 

Equating the indices T, 

~2 = -6-d-2e 

From which, cl — 2~~b-2e . . . (11) 

Substituting Equations (9) and (11) in (10), 

1 = 3-|-36 — 

C = 2-6 + e 


From which, 
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Substituting the above values of a, d, and c in the original 
equation for R, 



which may be written, 

^ = . . . ( 12 ) 

where 6 means “ a function of ” and where v ~ ~ 

P 

For true dynamical similarity between two bodies the term 



must be equal in both cases, as the function represented by ^ 
is unknown ; hence, it is necessary for the wdiole term to cancel 
when comparing the resistance of two similar bodies. 

That is, must be equal for both bodies ^ 

and ^ must be equal for both bodies. 

If the floating body is completely submerged in the fluid 
to a great depth, there will be no formation of gravity -waves ; 
in this case the resistance is due to viscosity only. Such a 
case occurs with the resistance- of submarines and airships. 

127. Applications of Principle of Dynamical Similarity. The 
principle of dynamical similarity is used when testing models 
in order to predict the resistance of large bodies. Before 
building a new type of ship it is usual to make a model of the 
same proportions and measure its resistance experimentally. 
From the results obtained the resistance of the ship can be 
calculated. The model is propelled at a speed which will give 
true d 3 mamical similarity ; this speed is known as the corre- 
sponding speed. 

(a) Resistance dee to Viscosity only. This is the case 
for deeply submerged bodies such as submarines and airships 
and for the frictional resistance of surface ships. 

This type of resistance is given by Equation (8) (Art. 126). 
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Let suffix m refer to model. Tiieii, 




Lv 


for ship 


and 


— pm 4^ 




for model 


True dynamical similarity can only be obtained when 

V \ ( v,„ 


[LvJ \La 

in which case, these terms, which are of an unknown function, 
will cancel. 

If the model is tested in the same fluid as the ship, true 
dynamical similarity will be obtained when 

L y = as V will then equal 

L 

In which case, — vj— 

This is laao'?vTi as the corresponding speed, because if the model 


is tested at this speed the term 4 is the same for both 

ship and model and will cancel. Then 
R 

IT ^ f o ' ~ 2 ~ = 1 (i^y substituting for v^) 

Thus, the resistance of the model %vould be the same as that 
of the ship. The corresponding speed in this case is too large 
for practical purposes, but by testing the model in a fluid having 
a kinematic viscosity much less than that of the ship’s fluid, a 
smaller correspondmg speed may be obtained. In which case, 


hv 


r X 



hence, 

This type of resistance also occurs in fluids flowing through 
pipes and channels ; it is possible to predict the resistance to 
flow in a channel by testing the flow' in a similar channel at 
the corresponding speed. In this case the corresponding speed 

V 

will be when the term -r- is the same for both channels. 
Lv 

Then the corresponding speed wdll be when 
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where the suffixes 1 and 2 apply to the respective channels. 
It should be noticed that Equation (8) (Art. 126) .is the same 
form as Equation (8) (Art. 123). This will be seen by putting 
R ill Equation (8) (Art. 126) as the resistance per unit area of 
wetted surface, 



which is the same form as Equation (8) (Art. 123). 

(b) Resista];^ce dee to Geavity only. It was shown in 
Art. 126 that the resistance of a surface ship was partly due 
to surface friction, or viscosity, and partly due to wwe forma- 
tion, or gravity. The combined resistance was proved to be 



(Equation 12. Art. 126.) 
For true d^mamical similarity betw’een ship and model both 
of the following conditions must hold, 


V V 


Lg L^g 

Case 1 being the condition for viscous resistance and Case 2 
the condition for wave resistance. If both model and ship 
are floating in the same fluid, the corresponding speed for 
Case 1 is wffien 


( 1 ) 

( 2 ) 


Or, 


For case 2, the corresponding speed is wffien 


v\ 




320 HYDRAULICS 

Hence, the corresponding speed varies in each case ; it would, 
therefore, he impossible to test the model for the total resist- 
ance. To overcome this difficulty it is usual to calculate the 
frictional, or viscous, resistance of the ship aiffi model from 
the coefficient of friction and surface area, ^tal resi^st 

ance of the model is then measured experimentally at the 
corresponding speed for wave resistpce ; that is, at a corre- 
sponding speed proportional to By subtracting the 

frictional resistance from the total resistance of model the wave 
resistance is obtained. The wave resistance of the ship is 
then obtained by proportion ; this, added to the frictional 
resistance of the ship, will give the total resistance, 


Let 


Then, 

and, 


=z wave resistance of ship 
Rf = frictional resistance of ship 
= wave resistance of model 
Tf = frictional resistance of model 

R — Ryj Rf 
== 


( 1 ) 

( 2 ) 


For wave resistance only, 






'Lg 


T‘> 1 ^ 

Pm r I ,y2 


Then, for corresponding speed, in order that the last term of 
each will cancel, 

/5 

L 

R._ 

^ _ - / / 

L 


V V j 


Then, 


PmR mi ^ 

pi’ 


PmR^m 

If the same fluid be used, p = pn 

R.. ( L V 
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Substituting from Equations (1) and (2), 
m~Rf _ 

Efn ~ f \L^J 

From wbicli the total resistance of the ship is obtained. 


Example 1. 

The resistance of a hydroplane may be assumed to be entirely due to wave 
formation. The speed of the hydroplane is to be 90 ft. per see. ; calculate 
its resistance at this speed if the resistance of a model at the corresponding 
speed was found to be -5 lb. The linear dimensions of the model were 
of the hydroplane. What is the speed of the model ? 


As wave resistance is a gravity resistance, 
corresponding speed of model = 90 




Then, 

Hence, 


= 20*01 ft. per sec. 



E= 20^ X -5 
= 40001b. 


Example 2. 

The loss of head in a pipe 1 in. diameter and 100 ft. long through which 
water is flowing at 10 ft. per see. was found to be 7 ft. of water. Calculate 
the loss of head in a 3 in. pipe 60 ft. long through which air is flowing at the 
corresponding speed. For water, p — 62*4 lb. per cu. ft. and = *01 C.G-.S. 
units. For air, p = *075 lb. per cu. ft. and p = *00015 C.G.S. miits. 

As this is a viscous resistance, corresponding speed will be 
when 


That is, 
from which, 


for water == for air 

pdv pdv 

•01 *00015 

62*4 X 1 X 10 *075 X 3 X -y 

62*4 X 1 X 10 X -00015 

^ ~ -075 X 3 X -01 

= 416 ft. per sec. 


21 — ( 5167 ) 



322 


EYDEAVLIG8 


Now, resistance to flow = B ~ pL^ c 


pvd 


Hence, 

as the term <j> 
But, 


= p X wetted area X c, 

D -Py-.-n « \y' —.#'7 7 />l2\ ■f/AT' 01T> 

R for water ~~ (p X tt dl iov water 


.JL 

pdv 


Ji 

pdv 


will cancel at the corresponding speed 


R = pressure X cross-sectional area 
=^pJiXjd^ 
as p = ph 

Hence, equating Equations (1) and (2), 

{ph X '^d^-) for air 

4 (p X Trdlv^) for air 


(ph X TT d'^) for water (p X rrdlv^) for water 

^ 7, i 

/i for air d^ 


Hence, 


That is, 


h for water 
h for air 


^(l v^) for water 
60 X 4162 X 1 


(2) 


7 3 X 100 X 10 

Hence, loss of head for air = 24,200 ft. of air 

24,200 X *075 
~ 62-4 

= 29T ft. of water. 

It is not necessary in a question of this type to bring all terms 
to foot lb. units, as the factors required to do this would cancel. 


Examples 13. 

(1) Find the kinematic viscosity of water at a temperature of 60” C. 

Ans. — 5-05 X 10“ ® sq. ft. per sec. 

(2) Oil of kinematic viscosity *000052 sq. ft. per sec. flows through a pipe 
of 6 in. diameter with a velocity of 1 ft. per sec. Find the value of the term 
vd 

— and state whether the flow is stream line or turbulent. 

V 

Ans. — 9,600 ; turbulent, 

_ (3) Air of kinematic viscosity of 15*6 X 10“® sq. ft. per sec. flows through a 
pipe of 2 in. diameter. What is the maximum velocity for steam line flow ? 

Ans. — 1*872 ft. per sec 
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(4) Water at 20° C. flows through a pipe of 9 in. diameter and of length 

2,000 ft. with a velocity of 1-2 ft. per sec. Find the loss of head due to 
viscosity. Ans. — M3 ft. 

(5) Water at a temperature of 20° C. leaks through a horizontal slot *01 in. 
deep, 4 in. in breadth, and 6 in. in length. Find the quantity of water 
baking through per hour when the diSerence of pressure between the ends 
of the slot is 5 lb. per sq. in. 

Ans. — 1-48 eu. ft. per hour 

(6) Fuel oil at a temperature of 10° C. is pumped through a pipe line of 
6 in. diameter and 5,000 ft. in length. Find the horse-power required to 
pump 10 tons per hour of this oil if the weight of the oil is 57 lb. per cu. ft. 
and the kinematic viscosity at 10° C. is *00015 sq. ft. per sec. 

Alls . — -0189 h.p. 

(7) The resistance of geometrically similar plates when towed edgewise 

through a fluid are given hj R = <j) in which p is the fluid density 

and (X the coefficient of viscosity of the fluid, I the linear dimensions, and v 
the velocity. Determine the torque necessary to rotate a thin disc 24 in. 
diameter at 3,000 revs, per min. in air for which p = 1*2 x 10"® and 
p " 1-86 X 10"*^ e.G.S. units, given that the torque necessary to rotate a 
similar disc 9 in. diameter in water at the corresponding speed is •079 ft. lb. 
For water p — 1-0.0, and p ~ *0101 C.G.S. units. (London Univ., 1925.) 

Ans. — 1*6 lb. ft. 

(8) Show that the resistance to motion of a body deeply submerged in a 
fluid is given by R = pl^v ~ where I is some one specified dimension of 

the body and where p and v are respectively the density and kinematic 
viscosity of the fluid. (London TJniv., 1926.) 

(9) How does the viscous leakage past a long hydra-ulic plunger having a 
very small radial clearance depend upon (1) the length of the plunger sur- 
rounded by its bush, (2) the radial clearance, (3) the diameter, (4) the difference 
of pressure 1 (London Univ., 1924.) 

(10) What is meant by “corresponding speeds” in model experiments ? 
Deduce the law of corresponding speeds (a) for viscous resistance, (6) for 
resistances due to the effects of gravity. In the case of a hydroplane tlie 
resistance is mainly due to wave formation. If the scale of a model hydro- 
plane is ^ and if its resistance at a speed of 20 ft. per sec. is 0-4 lb., what 
will be the resistance of the large hydroplane at the corresponding speed ? 
(London Univ., 1926.) 

Ans.~Q,250 lb, 

(11) The resistances to the uniform flow of fluids through similar pipes is 

given by ^ == ^ which y is the pressure drop per unit length, 

and d is the diameter of the pipe, p is the density, p the viscosity, and v the 
velocity of the fluid. 

Hence, find the pressure drop, expressed in inches of water, in a pipe 8 in. 
diameter, 1,000 ft. long, in which air is flowing at a velocity of 6-21 ft. per sec., 
given that the loss of head is 6*1 ft. when water flows through a similar pipe 
1 in. diameter 100 ft. long, at the corresponding speed. For w’ater p = 62-4 lb. 
per eu. ft., and p — 1-01 X 10'® C.G.S. units ; for air p = *0751 lb. per cu. ft., 
and p — 1*86 X 10"^ C.G.S. units. (London Univ., 1926.) 

— --405 in. 



CHAPTER XIII 

HYDRAULIC SUCHINES, METERS, AND VALVES 

128. The Hydraulic Accumulator. The hydraulic accumulator 
is a cj^liiider used for temporary storing the energy of water. 

Hydraulic machines such as lifts or cranes are required to 
do a large amount of work during a small interval of time, 

w^hich is followed by an 
idle period. For exam- 
ple, ^^a lift or crane re- 
quires the energy to 
be supplied during the 
upward motion of the 
load only, practically no 
energy being used 
during the downward 
motion. But as the 
pumps are supplying 
the energy continu- 
ously, it may be stored 
in an accumulator dur- 
ing the idle periods of 
the machine and given 
out at an increased rate 
during the working 
periods. The uniform 
supply of energy from 
the pumps need not, 
therefore, be as large as that required by the machine when 
doing its maximum rate of work, as the machine will then draw 
from the accumulator. 

The accumulator consists of a vertical cylinder containing 
a sliding ram (Fig. 145). A container, fixed to the ram, is 
filled with heavy material such as slag, or the ram is loaded 
with weights. Water is delivered by the pumps into the 
cylinder when not required by the machine it is working. The 
pressure ofdhe water lifts up the heavy ram until the cylinder 
is fuH. The accumulator has then stored its maximum amount 
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Fig. 145 
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of energy. During its period of maximum work, the machine 
will draw from the accumulator and the ram will descend. 

The maximum amount of energy the accumulator can store 
is Imown as the capacity of the accumulator. 

Let A = area of base of ram in square feet. 


and E — lift of ram in feet. 


Then, volume of ac- 
cumulator = AH cu. ft. 

Let ^ = intensity of 
pressure of water sup- 
plied in pounds per square 
feet. 

Then, weight of ram 
- pA lb. 

Work done in lifting 
ram = fAH ft. lb. 

This equals the energy 
stored, which is the capac- 
ity of the accumulator. 

Therefore, 

capacity of accumulator 
= pAH 

= X volume 



Another form of accumulator, known as Tweddell’s differ- 
ential accumulator, is shown in Fig, 146. The advantage of 
this accumulator is that the water can be stored at a high 
pressure by a comparatively small load on the ram. It con- 
sists of a fixed ram of which the lower portion is made larger 
than the upper portion by surrounding it with a brass bush. 
Sliding on the fixed ram is a loaded cylinder, which is forced 
upwards by the pressure of the water from the main supply. 
The water enters and leaves the cylinder by a hole through the 
centre of the fixed ram. 


Let a — sectional area of brass bush in square feet 
= effective area of ram 
Load on cylinder = pa. 
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(Hydraulic Engineering Co.) 
Fig. 147. — Section of Hydraulic 
Accumulator 
C ast-iron weight type 

Capacity = 'paE 

= 22,600 X 18 
407,000 
33,000 X CO ' 


Therefore, by making the 
area of the bush small, it 
is possible to store at a high 
pressure with a small load. 

Capacity of accumulator 
= paE 

= p X volume 

A sectional view of an 
actual accumulator* is shown 
in Fig. 147. 

If the pipes leading to an 
accumulator are very long 
great trouble is experienced 
owing to surging, which is 
caused by the inertia effect 
of the water column. This 
can be overcome by fitting 
some form of relief valve 
(Art. 136) as close to the 
accumulator as possible. 

Example 1. 

An accumulator has a ram of 
6 in. diameter and a lift of 18 ft. 
Water is supplied at a pressure of 
800 lb, per square inch. Find the 
necessary load on the ram and the 
capacity in horse-power hours. 

Load on ram = p x a 

= 800 X ".(6)"- 
= 22,6001b. 

= 407,000 ft. lb. 

= *206 h.p. hours 


By courtesy of The Hydraulic Engineering Co., Chester. 
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Example 2. 

An accumulator has a 12-in. ram and 15 ft. lift, and is 
total weight. If packing friction is eqmvalent to 5 per cent of load on 
the ram determine' the horse-power being delivered to the mams if the ram 
falls steadily through its full range in 1*5 minutes, and if at the same time 
“ pXs are delivering leu^ft. per sec. through the accumulator. 
(A.M. Inst. C.E., 1926.) 

First find the pressure of water required to lift ram of 
accumulator ; this will be the pressure of water supplied by 

pumps. . . . 

Intensity of pressure when ram is rising 

105 

Weight X 


area 

80 X 2240 X 1-05 

TT 


lb. per sq. ft. 


4 


Head of water due to this pressure, 

80 X 2240 X 1-05 

- X 62-4 
4 

= 3840 ft. of water 

Work supplied by pumps per min., 

= WH 

= (62-4 X 60) X 3840 
= 14,330,000 ft. lb. 

Work done by accumulator per min., 

Weight X distance moved 
■= (80 X 2240 X -95) X 10 
= 1,703,000 ft. lb. 

14,330,000 + 1,703,000 
Horse-power delivered 33,000 

= 487 

129. The Hydraulic Intensifler. The hydraulic intensifier 
is used for increasing the intensity of pressure of water by 
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means of the ejiergy of alarger quantity ot water at low pressure. 
Tills is necessary when the pressure of the water suppHed to a 
machine is not of sufficient intensity. 

All intensifier consists of a fixed ram (Fig. 148) through 
which the high pressure water flows to the machine. Mounted 

externally on the fixed ram is 



a hollow sliding ram containing 
the high pressure water. The 
sliding ram is encased by a fixed 
cylinder which contains the low 
pressure water from the main 
supply. The low pressure water 
presses on the end of the sliding 
ram, forcing it downwards on to 
the fixed ram ; this increases the 
pressure of the water in the 
sliding ram. 

Let A == external area of end of 
sliding ram 

a ~ area of end of fixed 
ram 

P — intensity of pressure of 
low pressure water 
in fixed cyflnder 

p = intensity of pressure of 
high pressure water 
in sliding ram 


As total upward force = total downward force 
fa = PA 
PA 

From which, u = — 

^ a 

When the sliding ram is at the bottom of its stroke the valve 
admitting the high-pressure water to the machine is closed. 
Low pressure water from the main is then admitted to the 
inside of sliding ram and the fixed cylinder is open to exhaust ; 
this causes the sliding ram to rise. When it reaches the top 
of its stroke the valve admitting high pressure water to machine 
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is opened and the valve admitting low pressure water to inside 
of sliding cylinder is closed. 

At the same time the fixed 
cylinder valve closes to exhaust 
and opens to the main. Low 
pressure water then flows into 
the fixed cylinder and forces 
the sliding cylinder down- 
wards ; this produces the high 
pressure water in the sliding 
cylinder which is forced into the 
machine. The intensifier is thus 
single acting, supplying high 
pressure water during the 
downward stroke only. Double 
acting intensifiers are made 
which give a continuous supply 
of high pressure water. 

It is possible to raise the 
pressure of water to 10 tons 
per sq. in. by means of an 
intensifier. 

The view of an actual intensi- 
fier is shown in Fig. 149. 

Example. 

Water is supplied to an hydraulic 
intensifier at a pressure of 24 lb. per 
square inch. The diameters of the 
sliding and fixed rams of the intensifier 
are 2 in. and 5 in. respectively. Find 
the pressure of the water leaving the 
intensifier. 

^ =24X^ 

— 150 lb. per sq. in. 

130. Water Meters, (a) The 

Kent VeNTUEI METEB. This Enoineerln, Oo.) 

consists of the ordinary Venturi pio. 1 49.— Hydraulic Intensiriee 
meter, which has already been 

dealt with in Art. 23, on to which is attached a special 
apparatus for indicating the flow of water. The quantity of 
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water flowing through the meter is jjroportional to the square 
root of the difference of pressure heads at the entrance and 
throat. The Sow is plotted by a pencil on to a drum w^hich is 
revolved by clockw'ork, wdiilst the total fiow^ through the meter 
is recorded by the small dials shown in Fig. 150. 

The instrument, shown in Fig. 150, consists of two cast-iron 
cylinders, and M^, containing mercury on wFich rests twn 
floats, and F^, These cast-iron cylinders form the twn 
limbs of a U-tubc and are connected at their bases by the 
tube m. The w^ater pressure at the entrance and throat of 
the Venturi meter is transmitted to the cylinders through the 
pipes Pi and p 2 ' The floats are connected to racks and Dg, 
which turn the pinions and Hi as the floats rise or fall wdth 
the pressure diflerence in the Venturi meter. These pinions 
transmit the motion to tw-o other racks, and J^, which are 
outside of the cylinders. The rack operates the pencil G, 
which plots the pressure diflerence on the squared paper 
surrounding the drum D. The latter is rotated by clockwork 
governed by the pendulum P. The squared paper used on 
the drum is so divided that the flow may be read direct. As 
the vertical displacement of the pencil is proportiohal to the 
pressure difference, the paper must be divided so as to read 
the square root of the pressure diflerence. It should be noted 
that the float Pj will rise the same amount as Pg both 
displacements being in proportion to the pressure diflerence of 
the Venturi meter. 

The right-hand external rack Jg operates the recording dials 
to register the flow. The vertical displacement of the rack is 
proportional to the pressure diflerence ; this must be reduced 
to the square root of the pressure diflerence in order to register 
the flow. Inside of the clockwork drum P, and rotating with 
it, is an integrating drum, the development of which is showi 
in Fig. 151. The drum is divided by a parabolic curve ABC. 
The shaded surface above the curve is raised above the surface 
below. The rack Jg is connected to a carriage which is in 
contact with the drum and w^hich gears with the recording 
dials. When the raised surface of the drum comes in contact 
with the carriage the latter is put out of gear with the recorder 
and no flow is registered. Thus, if the carriage is at a height P, 
the flow will only be registered over the portion of a revolution 
represented by DB ; it will be out of gear during the portion 
BB. When the float is at the top of the cylinder there will 
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be no flow' taking place ; the carriage will then be oji the 
raised surface aboTe A (Fig. 151) during the revolution of the 
drum, and no flow will be registered by the recorder. 

(6) The Deacon Meter. Tiiis meter is shown in Fig. 152. 
It consists of a cast-iron body 0, into wiiich is fitted a hollow^ 
cone A. The w'ater flow's into the meter through E, passes 
through the cone and leaves the meter through F. A disc D, 
having a diameter equal to the smallest diameter of the cone, 
is fixed to the rod 6^,wiiich slides up and down in the boss B 
A balance weight Q is attached to a wire W fixed to the top 
of the rod G, and keeps the disc D at the top of the cone when 
no w'ater is flowing. When the w'ater flow^s into the meter it 
forces down the disc D into a wider part of the cone and passes 



through the space betw^een D and the cone sides. This space 
increases as D descends ; the vertical drop of D will, therefore, 
be in proportion to the quantity of water flowing. 

The. flow through the meter is recorded by means of a pencil 
connected to the wire from the rod G. The pencil is in contact 
with the surface of the drum B, wiiich is revolved by clock- 
work. As the vertical motion of the pencil is proportional 
to the movement of the disc D, a curve giving the quantity of 
flow^ through the meter at any instant will be automatically 
drawn on suitably graduated squared paper placed around 
the revolving drum. 

Tills meter is chiefly used for measuring the waste water 
flow^ in water mains. 

(c) The Kennedy Meter. This is a positive type of 
meter, the volume of w^ater flowing being actually measured 
by continually filling a cylinder of known volume. 
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be no flow' taking place ; the carriage will then be oji the 
raised surface aboTe A (Fig. 151) during the revolution of the 
drum, and no flow will be registered by the recorder. 

(6) The Deacon Meter. Tiiis meter is shown in Fig. 152. 
It consists of a cast-iron body 0, into wiiich is fitted a hollow^ 
cone A. The w'ater flow's into the meter through E, passes 
through the cone and leaves the meter through F. A disc D, 
having a diameter equal to the smallest diameter of the cone, 
is fixed to the rod 6^,wiiich slides up and down in the boss B 
A balance weight Q is attached to a wire W fixed to the top 
of the rod G, and keeps the disc D at the top of the cone when 
no w'ater is flowing. When the w'ater flow^s into the meter it 
forces down the disc D into a wider part of the cone and passes 



through the space betw^een D and the cone sides. This space 
increases as D descends ; the vertical drop of D will, therefore, 
be in proportion to the quantity of water flowing. 

The. flow through the meter is recorded by means of a pencil 
connected to the wire from the rod G. The pencil is in contact 
with the surface of the drum B, wiiich is revolved by clock- 
work. As the vertical motion of the pencil is proportional 
to the movement of the disc D, a curve giving the quantity of 
flow^ through the meter at any instant will be automatically 
drawn on suitably graduated squared paper placed around 
the revolving drum. 

Tills meter is chiefly used for measuring the waste water 
flow^ in water mains. 

(c) The Kennedy Meter. This is a positive type of 
meter, the volume of w^ater flowing being actually measured 
by continually filling a cylinder of known volume. 
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Tlic meter consists of a cylinder (Fig. 153), in which slides 
a piston. The piston rod is connected to a rack, which 
slides lip and down with the piston. The rack gears with a 
pinion, which operates a four- way cock. A diagrammatic 
view of the passages is sho-wii in Fig. 154. The water 



from the supply pipe flows through A into the pipe D, through 
which it enters the lower end of the cylinder and forces up the 
piston. As the piston rises, the rack turns the pinion. A 
weight is fixed to the end of a lever which is rotated upwards 
by a pin fixed to the pinion. When the piston reaches the 
top of its stroke, the weight is rotated to just beyond the 
vertical position ; it then falls over suddenly and, by striking 
a lever, operates the cock into its reverse position. This 
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new position of the cock cuts off the water supply from the 
lower end of the cyhnder and admits it to the upper end. 
At the same time, the lower end is open to the outlet pipe B 
of the meter. The piston now’ moves dowwvards imder the 
pressure of the incoming w^ater, and forces the w’ater in the 



Fig. 154. — Kennedy Meter — Section Throdgk Ports 


lower end of the cyhnder up the pipe D into the outlet pipe. 
In moving downwards, the rack operates the pirdon, which 
causes the weight to be again raised. When the piston reaches 
the bottom of its stroke, the weight falls over and turns 
the cock back to its former position. The upper part of the 
cylinder is now open to the outlet pipe and the lower part to 
the supply pipe. The piston will now be forced upwards, 
driving the water above it through the pipe C and into the 
outlet pipe. The cycle is then repeated. 
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For c-ack stroke of tto piston, a 
the Yoliinie of the cylinder passes through the ii 

SX rr,gi.te»i'l.y mean, cl a .»un«r, opem-W by fc 

oinion which records the quantity oi now. ^ 

^ 131 ■ The Hydraidic Ram. The hydraulic ram is an aiito- 
ina£'pu 4 % nieans of .Jich a large quan g of water 
falling through a small height is utihzed in hfting a smaU 

quantity of water to a greater height. . -tK„ 1 55 

A diagi-amniatio view of a hydrauhe ram is sb™Jifr 155. 
Water from the natural supply A has an available head o i , 



Fig. 155 

by means of the ram a small quantity of this water is raised 
through the height Hs into the service tank E. 

Let If = weight of water flowing per second from A 
w = weight of water raised per second to E 
Then, as energy supphed by A is theoretically equal to 
energy supplied to JS7, 

WHi = wH^ 

WHj 

Or, 

If losses are taken into account, 
wH^ 

efficiency of ram = 

The automatic action of the ram is due to the inertia forces 
of the water in the pipe G. The water commences to now 
down the pipe G into the chamber B. The waste water 
valve C is open and the water flows through it to waste 


As 
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the speed of the water in Q increases, the dynamic pressure on 
the valve C increases, until it will ultimately be gi’eater than 
the weight of the valve lid ; the valve will then suddenly close. 
The closing of the valve C brings the water in G suddenly to 
rest, causing an increase of - pressure in B. This increase of 
pressure lifts the valve E and some of the water will flow into 
the air vessel D, compressing the air in the vessel. This 



The air vessel is drilled so that the delivery may be on either side 

increased air pressure forces the water into the tank E. When 
the momentum of the water in B is destroyed, the valve F 
closes and the valve C opens, causing the flow from A to 
recommence ; the cycle is then repeated. The automatic 
valves C and F may act by their weight or by a spring. 

Hydraulic rams are chiefly used on country estates and farms 
at which a large quantity of water under a low head is available. 
The cross-sectional view of an actual hydraulic ram* is 
shown in Fig. 156, and a plan and elevation of the complete 
installation is shown in Fig. 157. 

* By courtesy of Messrs. Green & Carter, Ltd., Winehester. 
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The overall efficiency of the hydraulic ram is as large as 
80 per cent, and water can be lifted to a height of fifty times 
the height of the working fall. Compound hydraulic rams are 
made which will raise water to any height to which it could be 
forced by an ordinary pump. 

132. Hydraulic Press. Hydraulic presses are used in 
most branches of industry ; in principle they are the same as 
the Bramah press which was dealt with in Art. 4. They vary 
greatly in t}^e according to the nature of the work required, 
but all consists of a ram sliding in a cylinder into which high 
pressure water is forced. In some large forging presses water 



at a pressure of 5 tons per sq. in. is used in the cylinder and 
produces a total force of 5,000 tons. 

In all heayy presses some means must be adopted to bring 
about the return stroke of the ram. To do this, small return 
rams are fitted, their function being to bring the main ram 
back to the beginning of its stroke. The size of the return 
ram must be such that the area multiplied by water pressure 
is sufficient to lift the main ram. In designing the main ram, 
the area multiplied by water pressure should be large enough 
to do the work of the press and to overcome the resistance of 
the return rams. 

For balancing purposes it is necessary to have two return 
rams to one main ram. An alternative method is to have one 
return ram in tandem with the main ram. 

A view of a shell forging press is shown in Fig. 158 ; in this 
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view the two return rams can be seen at the sides of the main 
ram. 

Example. 

The ram of a hydraulic press is Sin. diameter, and is worked from an 
intensifier of the piston and ram type which receives its low-pressure supply 
of water from a tank whose surface level is 50 ft. above the level of the 
intensifier piston, through a pipe 2 in. diameter and 400 ft. long. The intensi- 
fier ram is 3 in. diameter and the piston 36 in. diameter. The friction of 
each of the three packings may be taken to be 3 per cent of the total pressure 
on the appropriate piston or ram. The frictional coefficient for the low pres- 
sure supply pipe is 0-005. Calculate the speed of advance of the press ram 
in inches per minute when exerting a force of 50 tons. Neglect all other 
losses. (London XJniv., 1924.) 


p 100 

Water pressure on ram of press — 50 X = 51*5 tons 

Intensity of pressure on ram of press 
51*5 

= =: 1-025 tons per sq. in. 

As this is the same pressure transmitted by the ram of the 
intensifier, intensity of pressure on intensifier ram 

100 

== 1-025 X tons per sq. in. 

As load on intensifier ram equals load on intensifier sliding 
cylinder, 

100 tt „ 77 „ 97 

1-026 X ^ X j X 3^ = X j X 302 X 

where p = pressure of low pressure water supply 
flOOV /Z6Y 

Hence, p = 1-025 x ^ 

= 16-96 lb. per sq. in. 

Hence, pressure head of low pressure water 
16-96 X 144 


62-4 


■ == 39-2'ft. 


Therefore, head lost in ) _ 39.3 _ io -8 ft. 

friction in 2 -in. pipe ) 

Let V = velocity of water in 2 -in. pipe in ft. per sec. 
V = velocity of ram in ft. per see. 
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Head lost in friction) _ jQ.g _ 

in 2-in. pipe. ) “ ^ 2 gel 

_ 4 X -005 X 400 x 12 
_ ______ 

From which, ?; = 3-8 ft. per sec. 


As quantity of water flowing along 2-in. pipe per sec. equals 
the quantity flowing in the press cylinder per sec., 

22 \ 


w X ( 7 X 


4 144/ 


= Fx 


4 ^ 144 


From which. 


7 = 3-8 X j ft. per sec. 
= 14*25 ft. per sec. 


133. The Hydraulic Crane. The hydraulic crane is usually 
found at docks, sidings, and warehouses, and is used for lifting 
loads up to 250 tons. It consists of a central pedestal support- 
ing a mast from which is suspended a jib, or arm, the latter 
can be raised or lowered in order to reduce or increase the 
radius of action. The mast revolves about a vertical axis, 
the jib swinging with it ; thus, by revolving the pedestal and 
lowering the jib, the suspended load may be moved to any 
place within the crane^s area of action. The principle of the 
suspended jib enables the load to be lifted over obstacles on the 
ground. 

The load is suspended by a wire rope which passes over 
pulleys to a hydrauhe ram ; this ram has an arrangement of 
pulleys for increasing the velocity ratio and is known as a 
jigger. The jigger is attached to the mast and consists of a 
sliding ram and cyhnder at the ends of which are pulleys 
(Fig. 159) ; it increases the velocity ratio of the ram and cable 
by acting on the principle of the multi-sheaved puUey blocks. 
One set of pulleys are fixed to the ram whilst the other set are 
fixed to the cyhnder, the cable being wound over both sets of 
pulleys. High-pressure water is admitted into the cylinder, 
forcing out the ram ; this increases the distance between the 
two sets of pulleys, thus winding in the cable. A six-sheaf 
pulley block system will give a velocity ratio of six to one ; 
this means that the suspended load will move at six times the 
speed of the ram. A modem hydraulic crane may have a 
lifting speed of 250 ft. per minute. 
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Example. 

The following particulars refer to a hydraulic crane — 

Diameter of ram, 12 in. 

Velocity ratio of crane hook to ram, 5:1. 

Length of supply pipe from accumulator, 500 ft. 

Diameter of supply pipe, 2 in. 

Pressure at accumulator, 750 lb. per sq. in. 

Mechanical friction of ram, pulleys, etc., equivalent to a pressure of 50 lb. 
per sq. in. on the ram. 

Coefficient of friction for the pipe, 0*010. 

Plot a curve showing the relation between the load lifted and the speed of 
lifting. (London Univ., 1923.) 

Let W =load lifted in pounds 

Then load on ram = 5 W 


Let V = velocity of water in 2-in. pipe 

V = velocity of lifting in ft. per sec. 

V 

Then, velocity of ram 


Intensity of pressure on ram 


5W 



-f (50 X 144) lb. per sq.ft. 


Head of water on ram 


= 6-361f + 7200 lb. per sq. ft. 


I 

w 


6-36Tf + 7200 
62*4 


ft. of water 


= AW + 115 ft. of water • 


Head of water in accumulator = 


750 X 144 
62*4 


= 1730 ft. of water 


Head lost in friction in pipe = Head in accumulator — ^head 

on ram 


= 1730 - (-Ilf + 115) 

— 1615 -AW ft. of water 


Hence, 


1615-*! 


2gd 

4 X -01 X S00«2 X 12 
62-4 X 2 


Erom which, 


V = V840- *052]T ft. per sec. 
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x4.s quantity of flow along pipe ];)er second equals flow per 
second in ram cylinder, 




4 ' 


From which, 


5 4 

rr ^ 

P =3g^ 


= -V840- 


•052 W 


= \/l6-0- -00104 F 

By substituting various values of W in this equation the 
corresponding values of V are obtained. 


w 

0 

2,000 

4,000 

6,000 

8,000 

10,000 

12,000 

14,000 

V 

4-0 

3*72 

3-44 

3-12 

2-77 

2'36 

1-87 

1-2 


A curve may no-w be plotted with these results. 

134. The Hydraulic Lift. The hydrauhc lift obtains its 
motion from a jigger, in the same way as the crane (Art. 133). 
The jigger should be fixed vdth the ram working downwards, 
so that its weight will be supported by the cables ; this pre- 
vents any tendency of the ram to move independently of the 
lift cage. The lift cage runs between guides of hard wood or 
round steel, and is usually suspended by four lifting ropes, 
each one being of sufficient strength to support the load. 
Sliding balance weights are provided to balance the weight of 
the cage. 

Views of hydraulic suspended lifts are shown in Fig. 160. 

Modern hydraulic lifts now have a lifting speed of 350 ft. per 
minute in this country ; in the United States lifting speeds of 
400 ft. per minute are in use. 

The earlier form of hydraulic lift consisted of a sliding ram 
and cylinder ; the platform or cage was supported on the end 
of the ram and pushed up by it. Hence, the stroke of the ram 
was the same as the lift of the platform. This type of lift is 
known as a direct acting lift. 

Example. 

A hydraialic direct-acting lift has a ram Gin. diameter. The pipe eon- 
necting the valve box to the cylinder is short and is | in. diameter. The 
pressure in the valve box is 800 lb. per sq. in. Neglecting frictional losses 
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and assuming the value fully open, find the maximum load that can be lifted 
steadily at a velocity of 2 ft. per see. Find also the maximum velocity with 
which the lift with this load could descend steadily with an open exhaust. 
(A.M.I.Mech. E., 1926.) 

Let 'u = velocity of water in |-in. pipe. 

Then, as quantity per second flowing through pipe equals 
quantity per second flowing in cylinder, 

^X^(|)^ = 2X J(6)2 

From which, = 128 ft. per sec. 

1282 . , 

Velocity head of water in pipe = ~ = 255 ft. of water 


Total intensity of pressure on ram = pressure in valve box 
+ pressure due to velocity in pipe 

62*4 X 255 
= 800 + -^^ 

= 910-5 lb. per sq. in. 


Load on ram = 910-5 X ^ {6)2 
= 25,700 lb. 


Let V = velocity of descent in feet per second. 

/ 6 \2 

Then, velocity in f-in. pipe = j F = 647 

In descending, the ram will give a velocity head to water in 
the f-in. pipe ; this will be the only resistance. Hence, 
pressure head due to ram = velocity head in f-in pipe 


That is, 
From which. 


910-5 X 144 (647)2 

624 2g 

7 = 46 ft. per sec. 


135. The Hydraulic Capstan. Hydraulic capstans are used 
for winding a haulage rope and are found in railway goods yards 
and at docks. They consist of a vertical drum operated by 
a hydraulic engine. A cable is attached to the wagon or 
ship which is to be moved, the free end being wrapped 
round the capstan’s drum ; the capstan’s engine is then 
started by pressing a lever with the foot ; this causes the 
drum to rotate and wind up the haulage cable. 
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The iiydi-aiiiic engine used for capstans is usually of the 

Brotherton ” type. Tliis engine consists of three fixed 
radial cylinders at 120°, each containing a piston, with piston 
rods fixed to the same crank pin. The engine contains 
one worldng valve, with three parts, each connected to one of 
the cylinders. High pressure water is admitted to the head 
of the cylinder, forcing the piston along the cylinder for the 
worldng stroke. During the return stroke the exhaust port 
is opened and the used water flows out to waste. 

The hauling drum is keyed on to the crank shaft, and is the 
only part of the machine above the ground. The engine, is 
started by a foot treadle, thus leaving the hands free to 
manipulate the rope. The foot treadle operates a balanced 
mitre valve which admits water from the mains to the 
engine ; when the foot is removed from the treadle the valve 
automatically closes. 

136. Hydraulic Valves, {a) Slide Valves. These valves 
are for operating hydraulic machinery and consist of the “ D ” 
slide valve and the piston valve (Fig. 161) ; they are similar in 
action to the ordinary steam engine valves. For water 
pressures up to 1,000 lb. per sq. in. the “ D ” slide valve may 
be used ; but for very high pressures, as in lifts and cranes, 
the piston valve must be used. 

As the valves slide to and fro they uncover or cover the 
various ports, thus admitting or cutting off the water supply 
to the machine or to exhaust. The operation of the valve can 
be clearly seen from Fig. 161. 

(b) ]\IiTRE Valve. This valve is used on cranes required to 
lift and lower rapidly ; it consists of vertical spindle valves 
with mitred ends working on seats to suit, and requires very 
little effort to operate. A .view of this valve is shown in 
Fig. 162. The valve spindles are operated by levers. 

(c) Stop Valves. Stop valves are used for shutting off the 
main water supply. They are spindle valves and are lowered 
on to the seat by revolving the spindle in a screw thread, a 
hand wheel being fitted for this purpose. For small valves, 
an unbalanced valve may be used ; but for large valves 
working under high pressure it would require too large an effort 
to close the valve by hand. To overcome this, a balanced 
stop valve is used. The balanced stop valve has the water 
admitted to both sides of the valve when open, thus relieving 
the valve spindle of the water pressure. 



Exhaust 



350 EYDBAULICS 

Views of an unbalanced and a balanced stop valve are sliown 
in Mg. 163. 

{ d ) Relief Valves. Ozie form of relief valve is the safety- 
valve wbich is arranged to open and reduce the pressure after 
a certain maximum pressure has been reached. These are 
fitted to accumulators and to machines with a rising ram of a 
predetermined stroke. If the ram should rise beyond its 
proper Mmit, owing to accidental causes, the pressure of water 
wnuld become excessive and dangerous ; the relief valve will 
then open and reduce the pressure. Its action, therefore, is 
the same as the steam safety valve on a boiler. The form of 
relief valve for this purpose is a lever and w'eight-loaded valve ; 
a spring-loaded valve may also be used. 

inother use of relief valve is to check the rise in pressure in 
a long pipe due to the sudden stopping of the flow ; such 
valves are known as momentum valves. They consist of 
pistons w^orking in a chamber against a spring. These' valves 
are also fitted on macliines which receive heavy shocks such 
as shell forging presses ; when used for this purpose they are 
Imown as shock absorbers. 

137. Hydraulic Joints and Packing. Hydraulic pipes of less 
than 2 m. diameter are usually of wrought iron with screw 
joints. The ends of each length of pipe are tapped and screwed 
into a coupling, the thread being &st covered with hemp and 
white lead in order to prevent leakage. 

Hydraulic pipes of more than 2 in. diameter are of cast iron 
with oval or circular flanges cast on the ends. These flanges 
are bolted together, a strip of packing being placed between 
them to prevent leakage. The packing consists of a thin sheet 
of rubber cut to the shape of the flange, or it may consist of 
one of the many patent hydraulic packing sheets which are on 
the market ; copper rings are also used in place of sheet 
packing. 

Hydraulic glands, pistons, etc., are packed with hemp or 
yarn soaked in tallow and well pressed into position. Also 
leather packing rings are used, the leather being first soaked 
in grease. These leather packing rings are named after the 
shape of their sections and are known as “ U ” leathers, 

cup ” leathers, and “ hat ’’ leathers, plain leather washers 
are also used. 

The seams of wrought-iron tanks, ships, etc., are made 
watertight by “ caulking ” ; the metal is caused to “ flow ” 
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over tlie seam by blows from a caulkiiig tool. The seams of 
wood vessels and boats are made w^atertight by placing a 
layer of white lead between the planks. 


Examples 13. 

(1) A hydraulic accumulator has a ram of 9 in. diameter and a lift of 15 ft. 
Find the load on the ram and the capacity if supplied with water at 60 lb. 
per square inch pressure. 

An5.—3,810 lb. ; 57,200 ft. lb. 

{2} A hydraulic intensifier has ram diameters of 3 in. and 7 in. Find the 
pressure at which the water is raised when the pressure of the supply is 
75 lb. per square inch. 

Ans . — 408 lbs. per sq. in. 

(3) A hydraulic lift has a ram diameter of 6 in. and is supplied with water 
at a pressure of 400 lb. per square inch. Find the total load the lift will carry 
if the efficiency is 85 per cent. 

If the lift has a velocity of 2 ft. per second, find the horse-power required 
when lifting. 

Ans.— 9,600 lb. ; 41-2 h.p. 


(4) 40 h.p. is to be transmitted from an accumulator through a 4 in. pipe, 
5,000 ft. long. If the loss is to be 2 per cent, find the diameter of the ram 

/ hich is loaded with 120 tons. (Assume coefficient of friction in pipe to 
? *01.) (London Univ., 1911.) 

Ans. — 19*9 in 


(5) An accumulator maintains a pressure of 1,200 lb. per square inch in a 
3 in. hydraulic main. A hydraulic lift is supplied with pressure water from 
this main, and the point at which the supply to the lift is drawn off is at a 
distance of 2,000 ft. from the accumulator. The ram at the lift is 8 in. in 
diameter, and the load’ on it, inclusive of its own weight, is 12 tons. The 
friction of the ram, cage, etc., may be taken as equivalent to an addition of 
6^ per cent of the gross load on the ram. Determine the speed at which the 
lift will ascend, if the value of the coefficient of resistance, /, for the hydraulic 
main is *008. Neglect the loss due to shock at entrance to cylinder. (London 
Univ., 1917.) 

Am. — 2*69 ft. per second. 

(6) Give a careful sketch showing the construction of a hydraulic ram, and 
explain its action fully by aid of reference letters. In what circumstances 
would you make use of such a machine and why ? (A.M.I. Civil E., 1922.) 

(7) Describe with sketches the hydraulic ram, and explain its action. 
(London Univ., 1913.) 

(8) An accumulator has a 12 in. ram and 20 ft. lift, is loaded with 100 tons 
total weight. If packing friction accounts for 2 per cent of the total force 
on the ram, determine the horse-power being delivered to the mains if the 
ram falls steadily through its full range in 2 minutes, and if at the same time 
the pumps are delivering 240 gallons per minute. (A.M.I. Mech. E., 1925.) 

Am.— 406 h.p. 
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(9) A hydraulic lift raises a load of 8 tons through a height of 40 ft. once 
every 2 minutes, the speed of lifting being 2 ft. per second. It is worked 
from an accumulator which is being continuously charged by a piunp. The 
pressure of the water is 5001b. per square inch, the efficiency of the lift 
75 per cent, and the efficiency of the pump 85 per cent. Find the power 
required to drive the pump, and the minimum capacity of the accumulator. 
Frictional losses in the pipes may be neglected. (London Univ., 1925.) 

Ans. — H.P. = 17 ; volume = 11-08 eu. ft. 
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1. static Pressure of a Fluid— 

PAGE 

p = wH 

5 

P — wAx ..... 

. U 

- 2 nd moment Iq 

~ 1 st moment Aa; ‘ 

. 16 

2. Buoyancy of a Liquid— 




. IF tan 6 

. 29 



. 31 

3. Flow of a Fluid— 

Q = a y 

. 36 



. 39 

z + + .... 

w 2g ^ w '2g 

. 43 

For Venturi meter, q = he Vh 

. . 45 

a^ao 

where ’ ' ' 

. 45 

w a 

Kinetic energy of jet — — 5 — 

. 49 

« n y*’^ yi“ 

Centrifugal head =■^•"• 5 ^ 

. 54 

1 Orifices and Mouthpieces— 


Discharge through small orifices = 0 ^ M V 2gh 

. 72 

„ „ large „ = | B (h/ - . 

. 73 

Time of emptying tank j 2 A Ve 

through orifice \ ~ Oj a 

. 75 

Time of flow from one ) 2 .4, { 

tank to another f ~ / ‘ 

' C,a(l+ 3 i)V 2 „ 

. 78 

Loss of head due to| (Vi-V 2 )^ 

sudden enlargements — ■ 

. 82 
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Loss of head clue to 
sudden contraction 

Loss of head due to 
obstruction 


I 


5. Notches and Weirs— 

Discharge through rectangular notch = ~ C^‘V2g 


triangular 


Hi 


Francis formula, 
Bazin’s formula, 

where 


Q = 3-33(L~-lnfi)H3 
Q = mV2g LH'^ 

711 = '40o H 77 — 

H 


Time of emptying reservoir jl 2J. / 1 1 

with rectangdar TTBir jji 


6. Friction and Flow through Pipes- 

1 ‘ 


Work done against friction [ 
by revolving disc 


A, = 


4/Z 45“ 

'YW ' 


Time of emptying tank ) _ « j / 

through long pipe t ^ 


{Hi- Hi) 


For maximum transmission of 
power to nozzle 

Due to hammerblow, 


7: V2y 


p = 


wlv 

9i 


7. Flow through Open Channels- 


V = O V 7ni 

157-5 


C = 




For maximum discharge in 
a trapezoidal channel 

Depth for maximum velocity! 
in circular channel ^ 

Depth for maximum discharge ) 
in circular channel 


d 

» = -. 


= l-62r 

= 1*9/' 
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8. Reciprocating Pumps— 

A 

Velocity of water in pipe = — or sin B , 
Acceleration of water in pipe = ~ coh' cos 0 


Acceleration head 


9. Impact of Water- 

Force on stationary flat ) 
plate l 

Force on moving flatl 
plate J 

Work done on moving 1 
curved vane t 


= — oi-r cos u 
ga 

'h = TTT { ~ sm 0 
^ d^g\ a 


w a {V - 1 ')“ 

_ . 

a 9 ■ 


19. Water TurMnes— 

For summary of turbine equations see page 238. 
Specific speed = 

W 

Unit speed = -4= 

V/i 

Unit quantity = 

Vh 

p 

Unit power = — ^ 

Pelton wheel, for maximum efficiency, v = *46 F . 
Depth of bucket = l*2d . 

Width of bucket — 5d . 

For no. of buckets, cos y = - p ~ T 


11. Centrifugal Pumps — 

Work done by impeller 


Manometric efficiency = 


+ + 


For least speed of ) v/ v- F^^^ 

starting f ^ ~ ^ ® "UT" 


PAGE 

185 

186 
ISO 
191 

205 

206 

215 

254 

262 

262 

262 

245 

245 

245 

246 

273 

274 

274 
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uVQ 

Specific speed = — ^ 

h* 

PAGE 

. 282 

1S40V‘H 

Dia. of impeller ~ . . . • 

. 2S6 

12. Viscous Resistance of Fluids— 

. dv 



. 296 

For water, .« - -p -03368 f'V 410221^2) 

. 298 

, = /i 

. 298 

9 qoo019-> 

1 or M ater, r - ^ ^ -03368 1 + -00022 U^) ' ^ ^ 

. 298 

E 'inig fJdv'V^ 

~ \ v ) 

. 305 

For stream line flow, 2,000, 6' == S, n = - 1 . 

. 305 

For turbulent flow, greater than 2,500, C = *032, ri = - 

•23' 306 

13. Hydraulic Machines, Meters, and Valves— 

Capacity of accumulator = Tl H . 

= p X volume 

. 325 


Hydraulic intensifier, 

_PA 

9 ~ a 

. 328 

Hydraulic ram, 

. . . 

. 336 


wH-i 

® "" wh\ ■ ’ ■ ■ 

. 336 

Other Useful Formulae — 



1st moment = Ax = j 

r 

ax 


2nd moment = I = Ak- — j ax^ 

For moment of inertia about any axis oo at a distance h from centre 
of area — 

Jo = Jg + 


Moment of inertia of rectangle about base — ^ 

bd^ 

Moment of inertia of rectangle about centre line = 

TC 

Moment of inertia of circle about diameter — -yj" 
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Moment of inertia of triangle about base 


Moment of inertia of triangle about ) 

BH^ 

an axis through centre of area t 

■“ 36 

Distance of centre of area of semi-} 

4r 

circle from diameter l 

3 tt 

Distance of centre of area of semi- ) 

2r 

circular arc from diameter 1 

. 7Z 

Distance of centre of area of surface ) 

r 

of a hemisphere from diameter J 

_ _ 

Volume of sphere 

4 3 

Surface area of sphere 

= 47tr^ 


Useful Constants — 


Weight of 1 cu. ft. of fresh water = 62-4 lb. 

Weight of 1 gallon of fresh water — 10 lb. 

Weight of 1 cu. ft. of sea water == 64-0 lb. 

Bulk elastic modulus of water = 300,000 lb. per sq. in. 
Pressure of atmosphere = 34 ft. of water 

= 14'7 lb. per sq. in. 

= 29*9 ins. of mercury 
1 lb. = 453*6 grammes 

1 inch = 2*64 cms. 

g = 32*2 ft. per sec.^ 

1 radian = 57*3® 
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5353 
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5 

6 

8 

9 

10 

11 

35 

5441 

5453 
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5478 

5490 

5502 
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5539 

j 5551 

1 

T 

4 

5 

fZ 

7 

9 

10 

11 

36 

5563 

5575 

5587 i 5599 

5611 

5623 
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5647 

* 5658 

! 5670 

1 

~ 

4 

5 

! 6 
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11 

37 
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5798 
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5 
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7 

8 

9 

10 

39 
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5944 

5955 
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5988 

5999 

6010 

1 


3 

4 

i_i 

7 

8 

9 

10 

40 

6021 

6031 

6042 

6053 6064 

6075 

6085 

6096 

6107 

[ 6117 

1 

2 

3 

4 

I 5 

6 

8 

9 

10 

41 
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6138 

6149 ' 6160 

6170 
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6201 

1 6212 
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1 

2 
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7 
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9 
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6294] 
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2 
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9 
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9 
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9 
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6571 

6580 

6590 

6599 
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~ 
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4 
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9 
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8 
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49 
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6 

7 

8 

SO 
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7033 
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1 

- 

3 

3 


5 

6 

7 

8 


The cop37right of that portion of the above table which gives the logarithms of numbers from 
1000 to 2000 is the property of Messrs. Macmillan & Co., Ltd., who, however, have authorized 
the use of the form in any reprint published for educational purposes. 
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HYDRAULICS 


METRIC 

SYSTEM 


1 metre 

— • 

39-370113 in. 


1 metre 

= 

3-28083 ft. 


1 sq. metre 


10-7639 sq. ft. 


1 sq. cm. 


0-15500 sq. in. 


1 cii. metre 


35-3145 cub. ft. 


1 cu. cm. 

== 

0-061023 cub. in. 


1 inch 

= 

2-54001 cm. 


1 foot 

= 

0-3048 m. 


1 sq. ft. 


0-092903 sq. metre 


1 sq. in. 

r= 

6-4516 sq. cm. 


1 cub. ft. 

= 

0-028317 cub. metre 


1 cub. in. 


16-387 cub. cm. 


1 kg. 

— 

2-204622 lb. 


1 lb. 

= 

0-453592 kg. 


g. (standard) 

_ 

32-1740 ft. per sec.^ 


g. (standard) 

= 

980-665 cm. per sec.^ 


1 kg. per cm.2 


14-223 lb. per in.^ 


1 kg, per cm.“ 

= 

28-958 in. Hg. 


1 kg. per cm.^ 


735-54 mm. Hg. 


1 lb per sq, in. 

= 

0-070307 kg. per cm.^ 


1 lb. per sq. in. 

— 

2-0360 in. Hg. 


Standard atmosphere 

= 

760 mm. Hg. 


Standard atmosphere 


29-921 in. of Hg. 


Standard atmosphere 


14-696 lb. per sq. in. 


Standard atmosphere 


1-0333 kg. per sq. cm. 



INDEX 


Absolute pressure, 7 
Acceleration head in delivery pipe, 
189 

in suction pipe, 187 

of pumps, 1 85 

of piston, 185 

Accumulator, hydraulic, 324 

, differential, 325 

Air vessel on reciprocating pumps, 
196 

, rate of flow from, 201 

work saved by, 200 

Approach, velocity of, 107 
Archimedes’ principle, 25 
Atmosphere, pressure of, 6 
Axial flow turbine, impulse, 234 
^ reaction, 227 

Barker’s mill, 238 

Barlow’s curve, 51 

Barnes & Coker, critical velocity, 132 

Bazin’s coefficient for channels, 159 

formula for weirs, 107 

Bends, loss of head in, 80 

, river, 174 

Bernoulli’s theorem, 40 

, proof of, 41 

Brotherton engine, 348 
Bulk modulus of water, 1 
Buoyancy, 25 
, centre of, 26 

Capstan, hydraulic, 346 
Centre of pressure, 14 
Centrifugal head of revolving liquid, 
53 

pumps, 270 

Channels, Bazin’s coefficient, 159 

, circular, 165 

• , flow through, 157 

, in irregular, 169 

, rectangular, 162 

, trapezoidal, 163 

, variation of velocity in, 167 

Characteristic curves for turbine, 261 

— for centrifugal pump, 284 

Chezy formula, 126 
Circular channel, 165 
Coefficient of contraction, 68 

of discharge, 71 

of velocity, 69 

of discharge of pump, 183 


Colour bands, 131 
Contraction, coefficient of, 68 

, loss of head due to, 83 

Consumption of water, 176 
Crane, hydraulic, 341 
Critical velocity, 114, 129, 131 
Current meter, 170 
Curved surface, pressure on, 2 

Dams, pressure on, 20 
Darcy’s coefficient, 126 
Deacon meter, 332 
Delivery head of pump, 183, 189 
Density of water, 2 
Differential accumulator, 325 
Diffuser, 271, 289 
Discharge, coefficient of, 71 

over weirs, 97, 101, 103 

through rectangular notch, 97 

triangular notch, 101 

Drowned orifices, 73 
Duty of pump 202 

End contractions of weir, 105 
Energy, kinetic, 39 

, total, 40 

Engine, hydraulic, 348 
Enlargement, loss of head due to, 81 
Equilibrium of floating bodies, 25 

Floating bodies, equilibrium of, 25 
Floats, 172 
Flow of gases, 60 

of gases through pipes, 143 

of water, 36 

of water, radial, 49 

through channels, 157 

^ measurement of, 169 

of varying section, 
36 

, irregular, 169 

forked pipes, 138 
long pipes, 132 

nozzles, 147 

orifices, 68 

, velocity of, Ml 

Fluids, properties of, 1 

, pressure of, 2 

Fourneyron turbine, 240 
Francis formula for weirs, 105 

turbine, 240 

Friction, fluid, 114 
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INDEX 


Friction, laws of, 114 

in pipes, 121, 125 

Frictional resistance of floating bodies, 
116 

of revolving disc, 120 

head in pumps, 191 

Froude’s experiments, 115 

Gases, flow of, 60, 143 
Gauging flow of water, 169 
Gauge, oil, 10 

, pressure, 7 

Girard turbine, 241 
Gradient hydraulic, 121 

Hammeeblow in pipes, 151 
Head, acceleration, in pumps, 185 

, friction, in pumps, 191 

, losses of, 79 

Heel, angle of, 27 
Horse-power of jet, 49 
Hydraulic accumulator, 324 

capstan, 346 

, crane, 341 

engine, 348 

gradient, 121 

intensifier, 327 

jigger, 341 

joints and packing, 350 

lift, 344 

press, 3 

ram, 336 

valves, 348 

Impact of water, 205 

Impulse turbine, 96, 233 

Indicator diagram for pump, 184 

Intensifier, hydraulic, 327 

Intensity of pressure, 2, 5 

Inverted U-tube, 9 

Inward flow turbine, reaction, 226 

^ impulse, 233 

Irregular channels, flow through, 169 

Jet, horse-power of, 49 

, impact of, 205 

, propulsion of ships by, 217 

Jigger, hydraulic, 341 
Joints, hydraulic, 350 
J onval turbine, 240 

KjsifNEDY meter, 329 
Kent Venturi meter, 332 
Kinetic energy of water, 39 

Large orifices, 72 
Lifts, hydraulic, 344 


Lock gates, pressure on, 18 
Loss of head in bends, 80 
due to sudden enlarge- 
ment, 81 

— - contraction, 83 

obstruction, 84 

friction, 125 

Losses of head of flowing water, 79 

Manometeic efiiciency of centrifugal 
pumps, 274 

Measurement of flow in channels, 169 
Metacentre, 27 
Metacentric height, 28 
, experimental determina- 
tion of, 28 

, mathematical method, 29 

Meter, current, 170 

, Deacon’s, 332 

Meter, Kenedy, 329 

Kent’s Venturi, 332 

, Venturi, 44 

■ , waste water, 332 

Mouthpiece, Borda, 90 

, convergent, 88 

, divergent, 88 

, external, 86 

Negative slip, 183 

Notch, emptying reservoir with, 110 

, principle of similarity, 104 

, rectangular, 97 

, trapezoidal, 104 

, triangular or V, 101 

Nozzles, 147 

Obsteuctioi:^, loss of head due to, 84 
Oil gauge, 10 
Orifices, drowned, 73 

, flow through, 68 

, large, 72 

Outward flow turbine, reaction, 224 
^ impiilse, 233 

Paeablel flow through pipes, 138 
Pelton wheel, 241 

, buckets, 246 

, efficiency of, 245 

, velocity triangles for, 244 

Piezometer tube, 7 
Pipes, friction in, 121, 125 

, hammerblow in, 161 

, viscous flow, 302 

Pitot tube, 61 

Plate, pressure on stationary, 205 

, on moving, 206 

Power, transmission of, 145 
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Press, hydraulic, 3 
Pressure, absolute, 6 
■ — — ■ of atmosphere, 6 

, centre of, 14 

gauge, 6 

head of a liquid, 4 

, intensity of, 2, 5 

, total, 13 

, vacuum, 7 

Propulsion of ships by jet, 217 
Pumps, centrifugal, 270 
— characteristic curves, 284 

, , casing for, 270 

_ , j design of, 286 

^ diffuser, design of, 289 

, , efficiency of, 273 

, impeller, diameter of, 284 

, , , desi^ of, 287 

, least starting speed, 274 

, , loss due to change of 

flow, 274 

, , multi-stage, 290 

, , pressure in, 277 

velocity triangles for, 273 
-, duty of, 202 
reciprocating, 180 

, acceleration head of, 185 

, coefficient of discharge of, 
831 

, effect of air vessel on, 

196 

, frictional head of, 191 

, slip, 183 

_ ^ work done by, 181, 192 

types of, 180 

Badial flow of water, 49 

reaction turbines, 226 

impulse turbines, 233 

Bainfall, 178 
Bain gauge, 176 
Bam, hydraulic, 336 
Beaction turbines, 224 
Keciprocating pumps, 180 
Bectangular channel, 162 
Belay governor, 256 
Besistance of ships, 116, 316 
Bevolving cylinder of liquid, 57 

disc, friction of, 120 

liquid, centrifugal head, 53 

Beynold’s experiments, 127 
Bighting moment, 27 
Biver bends, 174 

Scotch turbine, 238 

Sections of channels, 162, 163, 165 

Ships, propulsion by jet of, 217 


Ships, resistance of, 116, 316 
Similarity of weirs, principle of, 104 

of turbines, principle of, 264 

of centi’ifugal pumps, 282 

, dimensional, principle of, 317 

Specific gravity, 2 

speed of centrifugal pumps, 280 

of turbines, 252 

Stream line flow, 36 
Suction head of pump, 183 
Sudden contraction, loss of head due 
to, 83 

enlargement, loss of head due 

to, 81 

Surge tank, 260 
Syphon, 123 

Tanks, time of emptying, 74 
Thomson’s principle of similarity, 104 
turbine, 240 

Time of emptying reservoir by weir, 
110 

through pipe, 140 

tanks, 74 

Total pressure, 18 
Transmission of power, 145 
Trapezoidal channel, 163 
Triangle of velocity for moving vane, 
210 

Turbines, axial flow impulse, 234 

reaction, 227 

, characteristic curves, 261 

— — •, classification of, 222 

, Foumeyron, 240 

, Francis, 240 

, Girard, 241 

, governing of, 256 

, impulse, 233 

, inward flow reaction, 226 

, Tonval, 240 

, mixed flow reaction, 227 

, model testing, 264 

, modern, 227 

, notation for, 223 

, outward flow reaction, 224 

■ , radial flow impulse, 233 

, reaction, 224 

, Scotch, 238 

, specific speed of, 252 

, summary of formulae, 238 

, Thomson, 240 

, types of, 238 

, unit power, 261 

quantity, 262 

, •, speed, 262 

Tweddeli’s differential accumulator, 
325 
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Unit power, 261 

, quantity, 262 

, speed, 262 

Unwin, coefficient of friction for gas, 
143 

, friction of revohnng disc, 120 

U-tube, 7 

, enlarged ends, 10 

, inverted, 9 

Vacuum pressure, 7 

Valves, hydraulic, 348 

Vane, pressure on fixed curved, 209 

, pressure on moving curved, 

210 

, radial, 214 

Velocity, coefficient of, 69 

, critical, 114, 129, 131 

, head, 39 

in pipe, distribution of, 1 32 

of approach, 107 

offiow, 211 

of whirl, 211 

triangles for moving vane, 210 

, variation of, in channels, 167 

Vena contracta, 68 
Venturi meter, 44 
Viscosity, 2, 295 
, viscous flow, 295 


Viscosity, coefficient of, 295 

, effect of temperature, 297 

— , kinematic, 298 
— — , Eeynold’s criterion, 299 

, Stanton’s curve, 299 

V'iscous resistance, round pipes, 302 

— — , equation for, 305 

^ flat surfaces, 309 

, floating, bodies, 316 

— , oiled bearing, 313 

Volute chamber, 270, 272 
Vortex, 53 

chamber, 270, 272 

Waste water meter, 332 
Water, consumption of, 176 

, impact of, 205 

meters, 332 

supply, 176 

Wave resistance of ships, 116, 31 G 
Weirs, Bazin’s formula, 107 

, emptying reservoir with, 110 

, end contractions, 105 

, Francis formula, 105 

, principle of similarity, 104 

, velocity of approach, 107 

Whirlpool chamber, 270, 272 
Whirl, velocity of, 211 
Work done against pressure, 37 
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Textile Calculations. By J. H. Whitwam, B.Sc. (Lond.) 25 0 
.Textile Educator, Pitman’s. Edited by L. J. Mills, Fellow of 

the Textile Institute. In three volumes . . . . 63 0 

Textiles for Salesmen. By E, Ostick, M.A., L.C.P. . .50 

Textiles, Introduction to. By A. E. Lewis, A.M.C.T,, A.T.I. 3 6 
Towels and Towelling, the Design and Manufacture of. 

By T. Woodhouse, F.T.I., and A. Brand, A.T.I.. . . 12 6 

Weaving and Manufacturing, Handbook of. By H. 

Greenwood, A.T.I 5 0 

Woollen Yarn Production. By T. Lawson . . .36 

Wool Substitutes, By Roberts Beaumont, M.Sc., M.I.Mech.E. 10 6 
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Textile Manufacture, etc.—contd. 

Wool The Marketing of. By A. F. DuPlessis. M.A. . 
Worsted Open Drawing. By S. Ker^aw, F-T.i. • ■ 

Yarns and Fabrics, The Testing of. By H. P. Curtis. 2nd Ed. 

DRAUGHTSMANSHIP 

Blue Print Re.adinG. By J. Braidy, B Sc.. C E . . 

Drawing and Designing. By Charles G. Leland, M.A. Fourth 

DR^rarOFFiCE Practice. By H. Pilkington Ward, M.Sc., 

ENGiOTErDRAUGHTSMEN’s'woRK. By A Practical Draughts- 

Engineering Design, Examples in. By G. W. Bird, B.Sc. 

Second Edition . • ' -o' 

Engineering Hand Sketching and Scale Drawing By Thos. 

Jackson, M.I.Mech.E., and Percy Bentley, A.M.I.Mech.E. . 
Engineering Workshop Drawing. By A. C. Parkinson. B.Sc. 

Second Edition . • • • • ‘ r, '-d t,,' 

Machine Drawing, A Preparatory Course to. By P. W. 

Plan Spying in Black Lines. By B. J. Hall, M.LMech.E.. 

PHYSICS, CHEMISTRY, ETC. 

Artificial Resins. By J. Scheiber, Ph.D. Translated by E, 
Fyleman, B.Sc., Ph.D., F.I.C. . • ■ • 

Biology, Introduction to Practical. By N. Walker. 
Botany, Test Papers in. By E. Drabble. D.Sc . . 

Chemical Engineering, An Introduction to. By A. F. Allen 
B.Sc. (Hons.). F.C.S., LL.B. . . ,• 

Chemistry, A First Book of. By A. Coulthard, B.Sc. (Hons.) 

Ph.D., F.I.C. . . • • • • • 

Chemistry, Definitions and Formulae for Students. Hy 

W. G. Carey, F.I.C • 

Chemistry, Test Papers in. By E. J. Holmyard, M.A.. 

With Points Essential to Answers .... 
Chemistry, Higher Test Papers in. By the same Author. 

1. Inorganic. 2. Organic. . . • ; .Each 

Dispensing for Pharmaceutical Students . By J . W. Cooper 

and F. J. Dver. Second Edition 

Electricity and Magnetism, First Book of. By W. Perren 
Maycock, M.I.E.E. Fourth Edition . . . . • 

Engineering Principles, Elementary. By G. E. Hall, B.Sc. 

Engineering Science, A Primer of. By Ewart S. Andrews, 
B.Sc. (Eng.). 

Parti. First Steps in Applied Mechanics. 
if. First Steps in Heat and Heat Engines 
Latin for Pharmaceutical Students. By J. W. Cooper and 
A. C. Mclaren 
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Physics, Chemistry, etc. — contd. s. d. 

Magnetism and Electricity, Higher Test Papers in. By 

P. J. Lancelot Smith, M.A. . . . , . . .30 

Magnetism and Electricity, Questions and Solutions in. 

Solutionsby W. J.mite, M.I.E.E. Third Edition . .50 

Organic Pigments, Artificial. By Dr. C. A. Curtis. Trans- 
lated by Ernest Fyleman, B.Sc., Ph.D., F.I.C. . . .210 

Pharmaceutical Chemistry, Practical. By J. W. Cooper, 

Ph.C., and F. N. Appleyard, B.Sc,, F.I.C., Ph.C. . .50 

Pharmacognosy, A Textbook of. Part I — Practical. By 

W. J. Cooper, Ph.C., T. C. Denston, and M. Riley . . 10 6 

Pharmacy, A Course in Practical. By J. W. Cooper, Ph.C., 

and F. N. Appleyard, B.Sc., F.I.C., Ph.C. . . .76 

Pharmacy, General and Official. By J. W. Cooper Ph.C. 10 6 
Physical Science, Primary. By W. R. &wer, B.Sc. . .50 

Physics, Experimental. By A. Cowling. With Arithmetical 

Answers to the Problems . . . . . .19 

Physics, Test Papers in. By P. J. Lancelot-Smith, M.A. . 2 0 

Points Essential to Answers, 4s. In one book . .56 

Volumetric Analysis. By J. B. Coppock, B.Sc. (Lond.), F.I.C., 

F.C.S. Second Edition . . . . . . .36 

Volumetric Work, A Course of. By E. Clark, B.Sc. . .46 

METALLURGY AND METAL WORK 

Ball and Roller Bearings, Handbook of. By A. W. 

Macaulay, A.M.I.Mech.E. . . . . . .76 

Electroplating. By S. Field and A. Dudley Weill . .50 

Electroplating with Chromium, Copper, and Nickel. By 

Benjamin Freeman, Ph.D., and Frederick G. Hoppe . .210 

Engineering Materials. Vol. I. Ferrous. ByA.W. Judge, 

Wh.Sc., A.R.C.S 30 0 

Engineering Materials. Vol. II. Non-Ferrous. By A. W. 

Judge, Wh.Sc., A.R.C.S 40 0 

Engineering Materials. Vol. III. Theory and Testing. 

OF Materials. By A. W. Judge, "Wh.Sc., A.R.C.S. . . 21 0 

Engineering Workshop Exercises. By Ernest Pull, 

A.M.I.Mech.E., M.I.Mar.E. Second Edition, Revised. . 3 6 

Etching, Metallographers' Handbook of. Compiled by T. 

Berglund. Translated by W. H. Dearden . . . 12 6 

Files and Filing. By Ch. Fremont. Translated into English 

under the supervision of George Taylor . . . . 21 0 

Fitting, The Principles of. By J. Homer, A.M.I.M.E. Fifth 

Edition, Revised and Enlarged 7 6 

Foundrywork and Metallurgy. Edited by R. T. Rolfe, 

F.I.C. In six volumes. ...... Each 6 0 

Ironfounding, Practical. By J. Homer, A.M.I.M.E. Fifth 

Edition, Revised by Walter J. May . . . . 10 0 

Iron Rolls, The Manufacture of Chilled. By A. Allison . 8 6 

Joint Wiping and LEAUi Work. By William Hutton. Third 

Edition . . . . . . . . .50 

Metal Turning. By J. Horner, A.M.I.M.E. Fourth Edition, 6 0 
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Metallurgy and Metal Work — contd. 5. d. 

Metal Work, Practical Sheet and Plate. By E. A. Atkins, 

A.M.I.M.E. Third Edition, Revised and Enlarged . .76 

Metallurgy of Bronze. By H. C. Dews . . . . 12 6 

Metallurgy of Cast Iron. By J. E. Hurst . . . 15 0 

Pattern Making, The Principles of. By J. Homer, 

A.M.I.M.E. Fifth Edition 4 0 

PipeandTubeBendingand Jointing. By S.P. Marks, M.S.I. A. 6 0 
Pyrometers. By E. Griffiths, D.Sc. . . . . .76 

Steel Works Analysis. By J. O. Arnold, F.R.S., and F. 

Ibbotson. Fourth Edition, thoroughly revised . . . 12 6 

Welding, Electric. By L. B. Wilson. . . . .50 

Welding, Electric Arc and Oxy-Acetylene. By E. A. 

Atkins, A.M.I.M.E 7 6 

Workshop Gauges and Measuring Appliances. By L. Bum, 

A.M.I.Mech.E., A.M.I.E.E 5 0 

MINERALOGY AND MINING 

Blasting With High Explosives. By W. Gerard Boulton . 5 0 

CoALCARBONizATiON.ByJohnRoberts,D.I.C.,M.I.Mm.E.,F.G.S. 25 0 

Coal Mining, Definitions and Formulae for Students. 

By M. D. Williams, F.G.S - 6 

Colliery Electrical Engineering. By G. M. Harvey. 

Second Edition . . . . . . . . 15 0 

Electrical Engineering for Mining Students. By G. M. 

Harvey, M.Sc., B.Eng., A.M.I.E.E 5 0 

Electricity Applied to Mining. By H. Cotton, M.B.E., 

D.Sc., A.M.I.E.E 35 0 

Electric Mining Machinery. By Sydney F. Walker, M.I.E.E., 

M.I.M.E., A.M.I.C.E., A.Amer.I.E.E 15 0 

Low Temperature Distillation. By S. North and J . B. Garbe 15 0 
Mineralogy. By F. H. Hatch, O.B.E., Ph.D., F.G.S., M.I.C.E. 

M.I.M.M. Sixth Edition, Revised . . . . .60 


Mining Certificate Series, Pitman’s. Edited by John 
Roberts, D.I.C., M.I.Min.E., F.G.S., Editor of The Mining 
Educator — 

Mining Law and Mine Management. By Alexander 
Watson, A.R.S.M. , . , . . . .86 

Mine Ventilation and Lighting. By C. D. Mottram, 

B.Sc 8 6 

Colliery Explosions and Recovery Work. By J. W. 

Whitaker, Ph.D. (Eng.), B.Sc., F.LC., M.I.Min.E.. . 8 6 

Arithmetic and Surveying. By R. M. Evans, B.Sc., 

F.G.S., M.I.Min.E 8 6 

Mining Machinery. By T. Bryson, A.R.T.C., M.I.Min.E. 12 6 
Winning and Working. By Prof. Ira C. F. Statham, 

B.Eng., F.G.S. M.I.Min.E 210 

Mining Educator, The. Edited by J. Roberts, D.I.C., 

M.I.Min.E., F.G.S. In two vols. . . . . . 63 0 

Mining Science, A Junior Course in. By Henry G. Bishop. 2 6 

Tin Mining. By C. G. Moor, M.A. . . . . .86 
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CONSTRUCTIONAL ENGINEERING 

Reinforced Concrete, Detail Design in. By Ewart S. 

Andrews, B.Sc. (Eng.) 

Reinforced Concrete. Bv W. Noble Twelvetrees, M.I.M.E., 

A.M.I.E.E. . . 

Reinforced Concrete Members, Simplified Methods of 
Calculating. By W. Noble Twelvetrees. Second Edition. 
Specifications for Building Works. By W.L. Evershed, F.S.I. 
Structures, The Theory of. By H. W. Coultas, M.Sc., 
A.M.I.Struct.E., A.I.Mech.E 


CIVIL ENGINEERING, BUILDING, ETC. 

Audel’s Masons’ and Builders’ Guides. In four volumes 

Each 

1. Brickwork, Brick-laying, Bonding, Designs 

2. Brick Foundations, Arches, Tile Setting, Estimating 

3. Concrete Mixing, Placing Forms, Reinforced 

Stucco 

4. Plastering, Stone Masonry, Steel Construction, 

Blue Prints 

•Audel's Plumbers’ and Steam Fitters’ Guides. Practical 
Handbooks in four volumes Each 

1. Mathematics, Physics, Materials, Tools, Lead- 

work 

2. Water Supply, Drainage, Rough Work, Tests 

3. Pipe Fitting, Heating, Ventilation, Gas, Steam 

4. Sheet Metal Work, Smithing, Brazing, Motors 
Brickwork, Concrete, and Masonry, Edited by T, Corkhill, 

M.I.Struct.E. In eight volumes .... Each 

“ The Builder ” Series — 

Architectural Hygiene; or, Sanitary Science as 
Applied to Buildings. By Sir Banister Fletcher, 
F.R.I.B.A., F.S.I., and H. Phillips Fletcher, F.R.LB.A., 

F.S.I. Fifth Edition, Revised 

Carpentry and Joinery. By Sir Banister Fletcher, 
F.R.I.B.A., F.S.I., etc., and H. Phillips Fletcher, 
F.R.I.B.A., F.S.I., etc. Fifth Edition. Revised . 
Quantities and Quantity Taking. By W. E. Davis. 
Seventh Edition, Revised by P. T. Walters, F.S.I., F.I.Arb. 
Building, Definitions and Formulae for Students. By T, 

Corkhill, F.B.I.C.C., M.I.Struct.E 

Building Educator, Pitman’s. Edited by R. Greenhalgh, 
A.I.Struct.E. In three volumes ..... 
Field Manual of Survey Methods and Operations. By A. 

Lovat Higgins, B.Sc., A.R.C.S., A.M.I.C.E. 

Hydraulics. By E. H. Lewitt, B.Sc. (Lond.), M.I.Ae.E., 

A.M.I.M.E. Fourth Edition 

Hydraulics for Engineers. By Robert W. Angus, -B.A.Sc. 
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Civil Engioieering, Building, etc.— contd. 5. d. 
Joinery & Carpentry. Edited by R. Greenhalgh,A,LStruct.E. 

In six volumes . Each 6 0 

Mechanics of Building. By Arthur D. Turner, A.C.G.I., 

A.M.I.C.E 5 0 

Painting and Decorating. Edited by C. H. Eaton, F.I.B.D. 

In six volumes ....... Each 7 6 

Plumbing and Gasfitting. Edited by Percy Manser, R.P., 

A.R.San.I. In seven volumes .... Each 6 0 

Surveying, Tutorial Land and Mine. By Thomas 

Bryson . , . . . . . . . 10 6 

Water Mains, Lay-out of Small. By H. H. Hellins, 

M.Inst.C.E 7 6 

Waterworks for Urban and Rural Districts. By H. C. 

Adams, M.Inst.C.E., M.I.M.E., F.S.I. Second Edition. . 15 0 

MECHANICAL ENGINEERING 

Audel’s Engineers’ and Mechanics’ Guides. In eight 


volumes. Vols. 1-7 ...... Each 7 6 

Vol. 8 15 0 

Condensing Plant. By R. J. Kaula, M.I.E.E., and I. V. 

Robinson, Wh.Sc., A.M.InsiC.E 30 0 

Definitions and Formulae for Students — Applied Me- 
chanics. By E. H. Lewitt, B.Sc., A.M.I.Mech.E.. . . - 6 

Definitions and Formulae for Students — Heat Engines. 

By A. Rimmer, B.Eng. Second Edition. . . . - 6 

Diesel Engines : Marine, Locomotive, and Stationary. By 
David Louis Jones, Instmctor, Diesel Engine Department, 

U.S, Navy Submarine Department . . . . .210 

Engineering Educator, Pitman’s. Edited by W. J. 
Kearton, M.Eng., A.M.I.Mech.E., A.M.Inst.N.A, In three 
volumes . . . . . . . . . 63 0 

Estimating for Mechanical Engineers. Bv L. E. Bunnett, 

A.M.I.P.E " . . . 10 6 

Friction Clutches. By R. Waring-Brown, A.M.I.A.E., 

F.R.S.A,, M.I.P.E 5 0 

Fuel Economy in Steam Plants. By A. Grounds, B.Sc., 

F.I.C., F.Inst.P 5 0 

Fuel Oils and Their Applications. By H. V. Mitchell, 

F.C.S. Second Edition, Revised by A. Grounds, B.Sc., A.I.C. 5 0 

Mechanical Engineering Detail Tables. By P. Ross . 7 6 

Mechanical Engineer’s Pocket Book, Whittaker’s. Third 
Edition, entirely rewritten and edited by W. E. Dommett, 

A. F.Ae.S., A.M.I.A.E 12 6 

Mechanics’ and Draughtsmen’s Pocket Book. By W. E. 

Dommett, Wh.Ex., A.M.I.A.E 2 6 

Mechanics for Engineering Students. By G. W. Bird, 

B. Sc., A.M.I.Mech.E., A.M.I.E.E. Second Edition . .50 

Mechanics of Materials, Experimental. By H. Carrington, 

M.Sc. (Tech.), D.Sc., M.Inst.Met., A.M.I.Mech.E., A.F.R.^.S. 3 6 
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Mechanical Engineering— contd. 

Mollier Steam Tables and Diagrams. The. Extended to the 
Critical Pressure, English Edition adapted and amplified 
from the Third German Edition by H. Moss, D.Sc., A.R.C.S., 

D.I.C 

Mollier Steam Diagrams. Separately in envelope 
Motive Power Engineering, By Henry C. Harris, B.Sc. . 
Steam Condensing Plant. Bv John Evans, M.Eng., 

A.M.I.Mech.E. . . . ' 

Steam Plant, The Care and Maintenance of. By J. E. 

Braham, B.Sc., A.C.G.I. . , . . ' . 

Steam Turbine Operation. By W. J. Kearton, M.Eng., 

A,M.I.Mech.E., A.M.Inst.N.A 

Steam Turbine Theory and Practice. By W. J. Kearton, 

A.M.I.M,E. Third Edition 

Strength of Materials. By F. V. Warnock, Ph.D., B.Sc. 

(Lond.), F.R.C.Sc.L, A.M.I.Mech.E 

Textile Mechanics and Heat Engines. By Arthur Riley, 
M.Sc. (Tech.), B.Sc., A.M.LMech.E., and Edward Dunkerley 
Theory of Machines. By Louis Toft, M.Sc.Tech., and A. T, j . 

Kersey, B.Sc. Second Edition ..... 
Thermodynamics, Applied. By Prof. W. Robinson, M.E., 

M.Inst.C.E. ... 

Turbo-Blowers and Compressors. By W. J. Kearton, 

A.M.I.M.E . 

Uniflow Back-pressure and Steam Extraction Engines. 
By Eng. Lieut.-Com. T. Allen, R.N.(S.R.), M.Eng., 

M.I.Mech.E 

Workshop Practice. Edited by E. A. Atkins, M.I.Mech.E., 
M.I.W.E. In eight volumes Each 


AERONAUTICS, ETC. 

Aero Engines, Light. By C. F. Gaunter .... 

Aerobatics. By Major 0. Stewart, M.C., A.F.C. . 
Aeronautics, Definitions and Formulae for Students. 

By J. D. Frier, A.R.C.Sc., D.I.C., F.R.Ae.S. . 

Aeroplane Structural Design. By T. H. Jones, B.Sc., 
A.M.I.M.E., and J. D. Frier, A.R.t.Sc., D.I.C. . . . 

Air and Aviation Law. By W. Marshall Freeman, Barrister- 
at-Law ......... 

Aircraft, Modern. By Major V. W. Page, Air Corps Reserve, 

U.S.A 

Air Navigation for the Private Owner. By Frank A. 
Swofier, M.B.E. ........ 

Airmanship. By John McDonough 

Airship, The Rigid. By E. H. Lewitt, B.Sc., M.I.Ae.E., 
Autogiro, C. 19, Book of The. By C, J. Sanders and A. H. 
Rawson ......... 

Aviation from the Ground Up, By Lieut. G. B. Manly 
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Aeronautics, etc. — contd. 5. ^ 

Civilian Aircraft, Register of. By W. O. Manning and 

R. L. Preston 3 6 

Flying as a Career. By Major Oliver Stewart, M.C., A.F.C. 3 6 
Gliding and Motorless Flight. By C. F. Carr and L. 

Howard-Flanders, A.F.R.iE.S., M.I.^E.E., A.M.LMech.E. . 7 6 

Learning to Fly. By F. A. Swoffer, M.B.E. With a Foreword 

by the late Sir Sefton Braiicker, K.C.B., A.F.C. 2nd Ed. . 7 6 

Parachutes for Airmen. By Charles Dixon . . .76 

Pilot's " A " Licence Compiled by John F. Leeming, Royal 

A&ro Club Observer for Pilot* s Certificates. Fourth Edition . 3 6 

MARINE ENGINEERING 

Marine Engineering, Definitions and Formulae for 

Students. By E. Wood, B.Sc - 6 

Marine Screw Propellers, Detail Design of. By Douglas 

H. Jackson, M.I.Mar.E., A.MJ.N.A 6 0 

OPTICS AND PHOTOGRAPHY 

Amateur Cinematography. By Capt. O. Wheeler, F.R.P.S. , 6 0 

Applied Optics, An Introduction to. Volume I. By L. C. 

Martin, D.Sc., D.I.C., A.R.C.S 21 0 

Bromoil and Transfer. By L. G. Gabriel . . . .76 

Camera Lenses. By A. W. Lockett 2 6 

Colour Photography. By Capt. O. Wheeler, F.R.P.S.. . 12 6 

Commercial Photography. By D. Charles . . . .50 

Complete Press Photographer, The. By Bell R. Bell. . 6 0 

Lens Work for Amateurs. By H. Orford. Fifth Edition, 

Revised by A. Lockett . . . . . . .36 

Photographic Chemicals and Chemistry. By J. South- 

worth and T. L. J. Bentley . . . . . .36 

Photographic Printing. By R. R. Rawkins . . .36 

Photography as A Business. ByA.G. Willis . . .50 

Photography Theory and Practice. By E. P. Clerc. Edited 

by G. E. Brown . . ... . . . . 35 0 

Retouching and Finishing for Photographers. By J. S. 

Adamson ......... 4 0 

Studio Portrait Lighting. By H. Lambert, F.R.P.S. . . 15 0 

ASTRONOMY 

Astronomy, Pictorial. By G. F. Chambers, F.R.A.S. . .26 

Astronomy for Everybody. By Professor Simon Newcomb, 

LL.D. With an Introduction by Sir Robert Ball . .50 

Great Astronomers. By Sir Robert Ball, D.Sc., LL.D., F.R.S, 5 0 
High Heavens, In the. By Sir Robert Ball . . .50 

Starry Realms, In. By Sir Robert Ball, D.Sc., LL.D., F.R.S. 5 0 
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MOTOR ENGINEERING 5. d. 

Automobile and Aircraft Engines By A. W. Judge, 

A.R.C.S., A.M.I.A.E. Second Edition . . . . 42 0 

Carburettor Handbook, The. By E. W. Knott, A.M.I.A.E.. 10 6 

Gas and Oil Engine Operation. By J. Okill, M.I.A.E.. . 5 0 
Gas, Oil, and Petrol Engines. By A. Garrard, Wh.Ex. . 6 0 

Magneto and Electric Ignition. By W. Hibbert, A.M.I.E.E. 

Third Edition 3 6 

Motor-Cyclist’s Library, The. Each volume in this series 
deals with a particular type of motor-cycle from the point 
of view of the owner-driver ..... Each 2 0 


A. J.S., The Book of the. By W. C. Haycraft. 

Ariel, The Book of the. By G. S. Davison. 

B. S.A., The Book of the. By Waysider.” 
Douglas, The Book of the. By E. W. Knott. 
Imperial, Book of the New. By F. J. Camm. 
Matchless, The Book of the. By W. C. Haycraft. 
Norton, The Book of the. By W. C. Haycraft 

P. and M., The Book of the. By W. C. Haycraft. 
Raleigh Handbook, The. By “ Mentor.” 

Royal Enfield, The Book of the. By R. E. Ryder. 
Rudge, The Book of the. By L. H. Cade. 

Triumph, The Book of the. By E. T. Brown. 

Villiers Engine, Book of the. By C. (Grange. 

Motorists’ Library, The. Each volume in this series deals 
with a particular make of motor-car from the point of view 
of the owner-driver. The functions of the various parts of 
the car are described in non-technical language, and driving 


repairs, legal aspects, insurance, touring, equipment, etc., all 
receive attention. 

Austin, The Book of the. By B. Garbutt. Third 

Edition, Revised by E. H. Row . . . .36 

Morgan, The Book of the. By G. T. Walton . .26 

Singer Junior, Book of the. By G. S. Davison. . 2 6 

Motorist’s Electrical Guide, The. By A. H. 

Avery, A.M.I.E.E 3 6 

Caravanning and Camping. By A. H. M. Ward, M.A. 2 6 


ELECTRICAL ENGINEERING, ETC. 

Accumulator Charging, Maintenance, and Repair. By 

W. S. Ibbetson. Second Edition 3 6 

Alternating Current Bridge Methods. By B. Hague, 

D.Sc. Second Edition , , , , - ♦ . 15 6 
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Electrical Engineering, etc.— contd. 

Alternating Current Circuit. By Philip Kemp, M.I.E.E,. 
Alternating Current IMachinery, Papers on the Design 
OF. By C. C. Hawkins, M.A., M.I.E.E., S. P. Smith, D.Sc., 
M.I.E.E., and S. Neville, B.Sc. ..... 
.Alternating Current Power Measurement. By G. F. 

Tagg, B.Sc. . 

Alternating Current Work. By W. Perren Maycock, 

M.I.E.E. Second Edition 

Alternating Currents, The Theory and Practice of. By 
A. T. Dover, M.I.E.E. Second Edition .... 

Armature Winding, Practical Direct Current. By L. 
Wollison ......... 

Cables, High Volt.^ge. By P. Dunsheath, O.B.E., M.A., B.Sc., 

M.I.E.E. , . ' 

Continuous Current ■ Dynamo Design, Elementary 
Principles of. By H. M. Hobart, M.I.C.E., M.I.M.E., 

M.A.I.E.E. 

Continuous Current Motors and Control Apparatus. By 

W. Perren Maycock, M.I.E.E 

Definitions and Formulae for Students — Electrical. By 

P. Kemp, M.Sc., M.I.E.E 

Definitions and Formulae for Students — Electrical 
Installation Work. By F. Peake Sexton, A.R.C.S., 

A.M.I.E.E 

Direct Current Electrical Engineering, Elements of. 

By H. F. Trewman, M.A., and C. E. Condliffe, B.Sc.. 
Direct Current Electrical Engineering, Principles of. 

By James R. Barr, A.M.I.E.E. ..... 

Direct Current Dynamo and Motor Faults . By R.M. Archer 
Direct Current Machines, Performance and Design of. 

By A. E. Clayton, D.Sc., M.I.E.E 

Dynamo, The: Its Theory, Design, and Manufacture, By 
C. C. Hawkins, M.A., M.I.E.E. In three volumes. Sixth 
Edition — 

Volume I ....... . 

II 

Ill 

Dynamo, How to Manage the. By A. E. Bottone. Sixth 
Edition, Revised and Enlarged ..... 

Electric and Magnetic Circuits, The Alternating and 
Direct Current. By E. N. Pink B.Sc., A.M.I.E.E. 
Electric Bells and All About Them. By S. R. Bottone. 
Eighth Edition, thoroughly revised by C. Sylvester, 
A.M.I.E.E 


$. d. 
2 6 

21 0 
3 6 
10 6 
18 0 
7 6 
10 6 

10 6 
7 6 
- 6 

- 6 
5 0 

15 0 
7 6 

16 0 

21 0 
15 0 
30 0 

2 0 
3 6 

3 6 



ELECTRICAL ENGINEERING 


Electrical Engineering, etc.—contd. 

Electric Circuit Theory and Calculations. By W. Perren 
Maycock, M.I.E.E. Third Edition, Revised by Philip Kemp, 

M.Sc.,M.I.E.E.,A.A.I.E.E 

Electric Light Fitting, Practical. By F. C. Allsop. Tenth 

Edition, Revised and Enlarged 

Electric Lighting and Power Distribution. By W. Perren 
Maycock, M.I.E.E. Ninth Edition, thoroughly Revised by 
C. H. Yeaman 

Volume I ........ 

II 

Electric Machines, Theory and Design of. By F. Creedy, 

M.A.I.E.E., A.C.G.I 

Electric Motors and Control Systems. By A. T. Dover, 

M.I.E.E.. A.Amer.I.E.E 

Electric Motors (Direct Current) : Their Theory and 
Construction. By H. M. Hobart, M.I.E.E., M.Inst.C.E., 
M.Amer.I.E.E. Third Edition, thoroughly Revised . 
Electric Motors (Polyphase): Their Theory and Con- 
struction. By H. M. Hobart, M.Inst.C.E., M.I.E.E., 
M.Amer.I.E.E. Third Edition, thoroughly Revised . 
Electric Motors for Continuous and Alternating Cur- 
rents, A Small Book on. By W. Perren Maycock, M.I.E.E. 
Electric Traction. By A. T. Dover, M.I.E.E., Assoc.Amer. 

I.E.E, Second Edition 

Electric Train-Lighting. By C. Coppock .... 
Electric Trolley Bus. By R. A. Bishop .... 
Electric Wiring Diagrams. By W. Perren Maycock, 

M.I.E.E 

Electric Wiring, Fittings, Switches, and Lamps. By W. 
Perren Maycock, M.I.E.E. Sixth Edition. Revised bv 

Philip Kemp, M.Sc., M.I.E.E 

Electric Wiring of Buildings. By F. C. Raphael, M.I.E.E. 
Electric Wiring Tables. By W. Perren Mavcock, M.I.E.E. 

Revised by F. C. Raphael, M.I.E.E. Sixth Edition . 
Electrical Condensers. By Philip R. Coursey, B.Sc., 

F.Inst.P., A.M.I.E.E 

Electrical Educator. By Sir Ambrose Fleming, M.A., 
D.Sc., F.R.S. In three volumes. Second Edition . 
Electrical Engineering, Classified Examples in. By S. 
Gordon Monk, B.Sc. (Eng.), A.M.I.E.E. In two parts — 
Volume I, Direct Current. Second Edition. . 

11. Alternating Current. Second Edition 
Electrical Engineering, Elementary. By 0. R. Randall, 

Ph.D., B.Sc., Wh.Ex 

Electrical Engineer's Pocket Book, Whittaker’s. Origi- 
nated by Kenelm Edgcumbe, M.I.E.E., A.M.I.C.E. Sixth 
Edition, Edited by R. E. Neale, B.Sc. (Hons.) 
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Electrical Engineering, etc.- — contd. 5. d. 

Electrical Instrument Making for Amateurs. By S. R. 

Bottone: Ninth Edition . . . . • . .60 

Electrical Insulating Materials. By A. Monkhouse, Junr., 

M.I.E.E., A.M.I.Mech.E 21 0 

Electrical Guides, Hawkins’. Each book in pocket size . 5 0 

1. Electricity, Magnetism, Induction, Experiments, 

Dynamos, Armatures, Windings 

2. Management of Dynamos, Motors, Instruments, 

Testing 

3. Wiring and Distribution Systems, Storage Batteries 

4. Alternating Currents and Alternators 

5. A.C. Motors, Transformers, Converters, Rectifiers 

6. A.C. Systems, Circuit Breakers, Measuring Instru- 

ments 

7. A.C: Wiring, Power Stations, Telephone Work 

8. Telegraph, Wireless, Bells, Lighting 

9. Railways, Motion Pictures, Automobiles, Igni- 

tion 

10. Modern Applications of Electricity. Reference 
Index 

Electrical Machinery and Apparatus Manufacture. 

Edited by Philip Kemp, M.Sc., M.I.E.E., Assoc.A.I.E.E. 

In seven volumes ....... Each 6 0 

Electrical Machines, Practical Testing of. By L. Oulton, 

A.M.LE.E., and N. J. Wilson, M.I.E.E. Second Edition . 6 0 

Electrical Power Transmission and Interconnection. 

By C. Dannatt, B.Sc., and J. W. Dalgleish, B.Sc. . . 30 0 

Electrical Technology. By H. Cotton, M.B.E., D.Sc., 

A.M.LE.E. . 12 6 

Electrical Terms, A Dictionary of. By S. R. Roget, M.A., 

A.M.Inst.C.E., A.M.I.E.E. Second Edition . . .76 

Electrical Transmission and Distribution. Edited by 

R. 0. Kapp, B.Sc. In eight volumes. Vols. I to VII, each 6 0 

Vol. VIII 3 0 

Electrical Wiring and Contracting. Edited by H. 

Marryat, M.I.E.E., Al.I.M,ech.E. In seven volumes . Each 6 0 

Electro -Moto Rs : How Made and How Used. By S. R. 
Bottone. Seventh Edition. Revised by C. Sylvester, 

A.M.I.E.E 4 6 

Electro -Technics, Elements of. By A. P. Young, O.B.E., 

M.I.E.E 5 0 

Fractional Horse-Power Motors. By A. H. Avery, 

A.M.I.E.E 7 6 

Induction Motor, The. By H. Vickers, Ph.D., M.Eng. . 21 0 

Kinematography Projection: A Guide to. By Colin H. 

Bennett, F.C S., F.R.P.S 10 6 

Mercury-Arc Rectifiers and Mercury-Vapour Lamps. By 

Sir Ambrose Fleming, M.A., D.Sc., F.R.S. . ,60 
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Electrical Engineering, etc.— contd. s. d. 

Meter Engineering. By J. L. Ferns, B.Sc. (Hons.), A.M.C.T. 1<) 6 
Oscillographs. By J. T. Irwin, A.M.I.E.E. . . .76 

Power Distribution and Electric Traction, Examples in. 

By A. T. Dover, M.I.E.E., A.A.I.E.E. 3 6 

Power Station Efficiency Control. By John Bruce, 

A.M.I.E.E 12 6 

Power Wiring Diagrams. By A. T. Dover, A.Amer. 

I.E.E. Second Edition, Revised . . . . .60 

Practical Primary Cells. By A. Mortimer Codcl, P'.Ph.S. . 5 0 

Railway Electrification. By H. P'. Trewman, A.M.I.E.E. 21 0 
Sags and Tensions in Overhead Lines. By C. G. Watson, 

M.I.E.E 12 6 

Steam Turbo-Alternator, The. By L. C. Grant, A.M.I.E.E. 15 0 
Storage Batteries: Theory, Manufacture, Care, and 

Application. ByM. Arendt, E.E 18 0 

Storage Battery Practice. By R. Rankin, B.Sc., M.I.E.E.. 7 6 

Transformers for Single and Multiphase Currents. By 
Dr. Gisbert Kapp, M.Inst.C.E., M.I.E.E. Third Edition, 

Revised by R. O. Kapp, B.Sc. 15 0 

TELEGRAPHY, TELEPHONY, AND WIRELESS 

Automatic Branch Exchanges, Private. By R. T. A. 

Dennison . . . . . . . . . 12 6 

Automatic Telephony, Relays in. By R. W. Palmer, 

A.M.I.E.E 10 6 

Baud6t Printing Telegraph System. By H. W. Pendry. 

Second Edition . . . . . . . .60 

Cable and Wireless Communications of the World, The. 

By F. J. Brown, C.B., C.B.E., M.A., B.Sc. (Lond.). Second 

Edition 7 6 

Crystal and One-Valve Circuits, Successful. By J. H. 

Watkins . . . » . . • • .36 

Radio Communication, Modern. By J. H. Reyner, B.Sc. 

(Hons.), A.C.G.I., D.I.C. Third Edition . . . .50 

Submarine Telegraphy. By Ing. Italo de Giuli. Translated 

by J. J. McKichan, O.B.E., A.M.I.E.E 18 0 

Telegraphy. By T. E. Herbert, M.I.E.E. P'ifth Edition . 20 0 

Telegraphy, Elementary. By H. W. Pendry. Second 

Edition, Revised 7 6 

Telephone Handbook and Guide to the Telephonic 
Exchange, Practical. By Joseph Poole, A.M.I.E.E. 

(Wh.Sc.). Seventh Edition 18 0 

Telephony. By T. E. Herbert, M.I.E.E 18 0 

Telephony Simplified, Automatic. By C. W. Brown, 

A.M.I.E.E., Engineer-in-Chiefs Department, G.P.O., London 6 0 

Telephony, The Call Indicator System in Automatic. By 
A. G. Freestone, of the Automatic Training School, G.P.O., 

London .........60 
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Telegraphy, Telephony, and Wireless— contd. ^ ^ 


Telephony, The Director System of Automatic. By W. E. 

Hudson, B.Sc. Hons. (London), Wiut.Sch., A.C.G.I. . .50 

Television ; To-day and To-morrow. By Sydney A. Moseley 
and H. J. Barton Chappie, Wh.Sc., B.Sc. (Hons.), A.C.G.I., 

D.I.C., A.M.I.E.E. Second Edition . . . .76 

Photoelectric Cells. By Dr. N. I. Campbell and Dorothy 

Ritchie. Second Edition. . . . . . . 15 0 

Wireless Manual, The. By Capt. J. Frost. Third Edition 5 0 

Wireless Telegraphy and Telephony, Introduction to. 

By Sir Ambrose Fleming, M.A., D.Sc., F.R.S. . , .36 

MATHEMATICS AND CALCULATIONS 
FOR ENGINEERS 

Alternating Currents, Arithmetic of. By E. H. Crapper, 

D.Sc. MH.E.E 4 6 

Calculus for Engineering Students. By John Stoney, 

B.Sc., A.M.I.Mm.E 3 6 

Definitions and For.mulae for Students — Practical 

Mathematics. By L. Toft, M.Sc - 6 

Electrical Engineering, Whittaker’s Arithmetic of. 

Third Edition, Revised and Enlarged . . . .36 

Electrical Measuring Instruments, Commercial. By R. M. 

Archer. B.Sc. (Loud.), A.R.C.Sc.,M.I.E.E.' . . . 10 6 

Geometry, Building. By Richard Greenhalgh, A.I.Struct.E. 4 6 

Geometry, Contour. By A. H. Jameson, M.Sc., M.Inst.C.E. . 7 6 

Geometry, Exercises in Building. By Wilfred Chew . 1 6 

Geometry, Test Papers in. By W. E. Paterson, M.A., B.Sc. 2 0 

Points Essential to Answers, Is. In one book. . .30 

Graphic Statics, Elementary. By J. T. Wight, A.M.I.Mech.E. 5 0 

Kilograms into Avoirdupois, Table for the Conversion of. 

Compiled by Red vers Elder. On paper . . . .10 

Logarithms for Beginners. By C. N. Pickworth, Wh.Sc. 

Eighth Edition 1 6 

Logarithms, Five Figure, and Trigonometrical Functions. 

By W. E. Dommett, A.M.I.A.E., and H. C. Hird, A.F.Ae.S. 1 0 

Logarithms Simplified. By Ernest Card, B.Sc., and A. C 

Parkinson, A.C.P, Second Edition . . . .20 

Mathematics and Drawing, Practical. By Dalton Grange. 2 0 

With Answers ........ 2 6 

Mathematics, Engineering, Application of. By W. C. 

Bickley, M.Sc ...50 

Mathematics, Experimental. By G. R. Vine, B.Sc. 

Book I, with Answers . . . . . . .14 

II, with Answers . . . , . . .14 

Mathematics for Engineers, Preliminary. By W. S. 

Ibbetson, B.Sc., A.M.I.E.E., M.I.Mar.E 3 6 

Mathematics, Practical. By Louis Toft, M.Sc. (Tech.), and 

A. D. D. McKay, M.A 16 0 

Mathematics for Technical Students. By G. E Hall, B.Sc. 5 0 
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Mathematics for Engineers — contd. s. d. 

Mathematics, Industrial (Preliminary), By G. W. String- 

fellow 2 0 

With Answers 2 6 

Measuring and Manuring Land, and Thatcher’s Work, 

Tables for. By J. CuUyer. Twentieth Impression . .30 

Mechanical Tables. By J. Foden 2 0 

Mechanical Engineering Detail Tables. By John P. Ross 7 6 
Metalworker’s PrxVCtical Calculator, The. ByJ.Matheson 2 0 

Metric Conversion Tables. By W. E. Dommett, A.M.I.A.E. 1 0 
Metric Lengths to Feet and Inches, Table for the Con- 
version OF. Compiled by Redvers Elder. On paper. . 1 0 

Mining Mathematics (Preliminary). By George W. String- 

fellow .......... 1 6 

With Answers ........ 2 0 

Quantities and Quantity Taking. By W. E. Davis. Seventh 

Edition, Revised by P. T. Walters, F.S.I., F.I.Arb. . .60 

Science and Mathematical Tables. By W. F. F. Shearcroft, 

B.Sc., A.I.C., and Denham Larrett, M.A. . . .10 

Slide Rule, The. By C. N. Pickworth, Wh.Sc. Seventeenth 

Edition, Revised 3 6 

Slide Rule : Its Operations ; and Digit Rules, The. By A. 

Lovat Higgins, A.M.Inst.C.E. - 6 

Steel’s Tables. Compiled by Joseph Steel . . . .36 

Telegraphy and Telephony, Arithmetic of. By T. E. 

Herbert. M.I.E.E., and R. G. de Wardt . . .50 

Textile Calculations, By J. H. Whitwam, B.Sc. . . 25 0 

Trigonometry for Engineers, A Primer of. By W. G. 

Dunkley, B.Sc. (Hons.) 5 0 

Trigonometry for Navigating Officers. By W. Percy 

Winter, B.Sc. (Hons.), Lond 10 6 

Trigonometry, Practical, By Henry Adams, M.I.C.E., 

M.I.M.E., F.S.I. Third Edition, Revised and Enlarged . 5 0 

Ventilation, Pumping, and Haulage, Mathematics of. By 

F. Birks 5 0 

Workshop Arithmetic, First Steps in. By H. P. Green . 1 0 

MISCELLANEOUS TECHNICAL BOOKS 

Boot and Shoe Manufacture. By F. Plucknett . . , 35 0 

Brewing and Malting. By J. Ross Mackenzie, F.C.S., F.R.M.S. 

Second Edition . . . . . . • .86 

Builder’s Business Management. By J, H. Bennetts, 

A. I.O.B 10 6 

Ceramic Industries Pocket Book. By A. B. Searle . .86 

Cinema Organ, The. By Reginald Foort, F.R.C.O. . .26 

Electrical Housecraft, By R. W. Kennedy . . .26 

Engineering Economics. By T. H. Burnham, B.Sc. (Hons.), 

B. Com., A.M.I.Mech.E. Second Edition . . . . 10 6 
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Miscellaneous Technical Books— contd. s. d. 

Engineering Inquiries, Data for. By J. C. Connan, B.Sc., 

A.MJ.E.E., O.B.E 12 6 

Estimating. By T. H. Hargrave. Second Edition . .76 

Faraday, Michael, and Some of His Contemporaries. By 

Prof. WilHam Cramp, D.Sc., M.I.E.E 2 6 

Furniture Styles. By. H. .E. Binstead. Second Edition . 10 6 

Glue and Gelatine. By P. I. Smith. 8 6 

Gramophone Handbook. By W. S. Rogers . . .26 

Hairdressing, The Art and Craft of. Edited by G. A. Foan. 60 0 
Hiker and Camper, The Complete. By C. F. Carr . .26 

House Decorations and Repairs. By W. Prebble. Second 

Edition 1 0 

Motor Boating. By F. H. Snoxell 2 6 

Music Engraving and Printing. By Wm. Gamble, F.R.P.S. 21 0 
Paper Testing and Chemistry for Printers. By Gordon A. 

Jahans, B.A 12 6 

Petroleum. By Albert Lidgett. Third Edition . .50 

Printing. By H. A. Maddox 5 0 

Refractories FOR Furnaces, Crucibles, etc. ByA.B.Searle 5 0 
Refrigeration, Mechanical. By Hal Williams, M.I.Mech.E., 

M.I.E.E., M.I.Struct.E. Third Edition . . , . 20 0 

Seed Testing. By J. Stewart Remington . . . . 10 6 

Stones, Precious and Semi-Precious. By Michael Wein- 
stein, Second Edition 7 6 

Stores Accounts and Stores Control. By J, H. Burton. 

Second Edition . . . . . . . .50 

Talking Pictures. By Bernard Brown, B.Sc. (Eng.) . .12 6 

Teaching Methods for Technical Teachers, By J. H. 

Currie, M.A., B.Sc., A.M.I.Mech.E 2 6 

PITMAN’S TECHNICAL PRIMERS 

Each in foolscap 8vo, cloth, about 120 pp., illustrated . .26 


In each book of the series the fundamental principles of 
some subdivision of technology are treated in a practical 
manner, providing the student with a handy survey of the 
particular branch of technology with which he is concerned. 

Abrasive Materials. By A. B. Searle. 

A.C. Protective Systems and Gears. By J. Henderson, B.Sc., 
M.C., and C. W. Marshall,. B.Sc., M.I.E.E. 

Belts for Power Transmission. By W. G. Dunkley, B.Sc. 

Boiler Inspection and Maintenance, By‘R. Clayton. 

Capstan and Automatic Lathes. By Philip Gates. 

Central Stations, Modern. By C. W. Marshall, B.Sc., 
A.M.I.E.E. 

Coal Cutting Machinery, Longwall. By G. F. F. Eagar, 
M.LMin.E. 

Continuous Current Armature Winding. By F, M. Denton, 
A.C.G.I., A.Amer.I.E.E. 

Continuous Current Machines, The Testing of. By Charles 
F. Smith, D.Sc., M.I.E.E., A.M.I.C.E. 
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Pitman’s Technical Primers— contd. Back 2s. 6<i. 

Power Factor Correction. By A. E. Clayton, B.Sc. (Eng.) 

Bond., A.K.C., A.M.I.E.E. 

Radioactivity and Radioactive Substances. By J. 
Chadwick, M.Sc., Ph.D. 

Railway Signalling : Automatic. By F. Raynar Wilson. 

Railway Signalling : Mechanical. By F. Raynar Wilson. 

Sewers and Sewerage. By H. Gilbert Whyatt, M.I.C.E. 

Sparking Plugs. By A. P. Young and H. Warren. 

Steam Engine Valves and Valve Gears. By E. L. Ahrons, 
M.I.Mech.E., M.I.Loco.E. 

Steam Locomotive, The. By E. L. Alirons, M.I.Mech.E., 
M.I.Loco.E. 

Steam Locomotive Construction and Maintenance, By E. 

L. Ahrons, M.I.Mech.E., M.I.Loco.E. 

Steelwork, Structural. By Wm. H. Black. 

Streets, Roads, and Pavements. By H. Gilbert Whyatt, 

M. Inst.C.E., M.R.San.I. 

Switchboards, High Tension. By Henry E. Poole, B.Sc. 

(Hons.), Lond., A.C.G.L, A.M.LE.E. 

Switchgear, High Tension. By Henry E. Poole, B.Sc. (Hons.), 

A.C.G.I., A.M,LE.E. 

Switching and Switchgear. By Henry E. Poole, B.Sc. (Hons.), 

A. C.G.L, A.M.I.E.E. 

Telephones, Automatic. By F. A. EUson, B.Sc., A.M.I.E.E. 

(Double volume, price 5s.) 

Tidal Power. By A. M. A. Struben, O.B.E., A.M.Inst.C.E. 

Tool and Machine Setting. For Milling, Drilling, Tapping, 

Boring, Grinding, and Press Work. By Philip Gates. 

Town Gas Manufacture. By Ralph Staley, M.C. 

Traction Motor Control. By A. T. Dover, M.I.E.E. 

Transformers and Alternating Current Machines, The 
Testing of. By Charles F. Smith, D.Sc.. A.M.Inst.C.E. 
Transformers, High Voltage Power. By Wm. T. Taylor, 
M.Inst.C.E., M.I.E.E. 

Transformers, Small Single-Phase. By Edgar T. Painton, 

B. Sc, Eng. (Hons.) Lond., A.M.I.E.E. 

Water Power Engineering. By F. F. Fergusson, 

C. E., F.G.S., F.R.G.S. 

Wireless Telegraphy, Continuous Wave. By B. E. G. 

MitteU, A.M.I.E.E. 

Wireless Telegraphy, Directive. Direction and Position 
Finding, etc. By L. H. Walter, M.A. (Cantab.), A.M.LE.E. 
X-Rays, Industrial Application of. By P. H. S. Kempton, 

B.Sc. (Hons.), A.R.C.S. 
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COMMON COMMODITIES AND INDUSTRIES 

Each book in crown Svo, illustrated. 8s. net. 


In each of the handbooks in this series a particular product or 
industry is treated by an expert writer and practical man of 
business. Beginning with the life history of the plant, or other 
natural product, he follows its development unto it becomes a 
commercial commodity, and so on through the various phases 
of its sale in the market, and its purchase by the consumer. 


Asibestos. (Summers.) 

Bookbinding Craft and Industry. 
(Habbison.) 

Books — ^From the MS. to the Book- 
seller. (Yoiutg.) 

Boot and Shoe Industry, The. (Habd- 

INO.) 

Bread and Bread Baking. (Stewabt.) 
Brnshmaker, The. (Kiddieb.) 

Butter and Cheese. (Tisdale and 
Jones.) 

Button Industry, The. (Jones.) 
Carpets. (Bbinton.) 

Clays and Clay Products. (Seabi.e ) 
Clocks and Watches. (Ovebton.) 
Clothing Industry, The. (Poole.) 
Cloths and the Cloth Trade. (Hunteb.) 
Coal. (Wilson.) 

Coal Tar. (Wabnes.) 

Coffee — Prom Grower to Consumer. 

(KIeablb. ) 

Cold Storage and Ice Making. 
(Sfringett, ) 

Concrete and Reinforced Concrete. 
(Twblvetrbes.) 

Copper — Prom the Ore to the Metal. 

(PlOABD.) 

Cordage and Cordage Hemp and 
Fibres. (Woodhouse and Kil- 

GOUR.) 

Corn Trade, The British. (Barker.) 
Cotton. (Peake.) 

Cotton Spinning. (Wade.) 

Drugs in Commerce. (Humphrey.) 
Dyes. (Hall.) 


Electricity. (Neale.) 

Engraving. (Lascelles.) 

Explosives, Modern. (Levy.) 
Fertilizers. (Cave.) 

Fishing Industry, The. (Gibbs.) 
Furniture. (Binstead.) 

Furs and the Fur Trade. (Sachs.) 
Gas and Gas Making. (Webber.) 
Glass and Glass Making. (Mabson ) 
Gloves and the Glove Trade. (Ellis.) 
Gold. (White.) 

Gums and Resins. (Parry.) 

Ink. (Mitchell.) 

Iron and Steel, (Hood.) 
Ironfounding. (Whitelby.) 

Jute Industry.. The. (Woodhouse 
and Kilgoub.) 

Knitted Fabrics. (Chamberlain and 
Qullteb.) 

Lead, including Lead Pigments. 
(Smythe. ) 

Leather. (Adcock.) 

Linen. (Moore.) 

Locks and Lock Making. (Butter.) 
Match Industry, The. (Dixon.) 

Meat Industry. The. (Wood.) 

OHS. (Mitchell.) 

Paints and Varnishes.| (Jennings.) 
Paper. (Maddox.) 

Perfumery, The Raw Materials oL 
(Parry.) 

Photography. (Gamble.) 

Platinum Metals, The. (Smith.) 
Pottery. (Nokb and Plant.) 
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Common Commodities and Industries— contd. 


Rice. (Douglas.) 

Rubber. (Stevens and Stevens ) 
Salt (Calvert.) 

Silk. (Hooper.) 

Soap. (Simmons. ) ^ 

Sponges. (Cbesswell.) 

Starch and Starch Products. (Auden. ) 
Stones and Quarries. (Howe.) 

Sugar. (Mabtineau.) (Revised by 
Eastiok.) 

Sulphur and Allied Products. (Auden.) 
Tea. (Ibbetson.) 


Telegraphy, Telephony, and Wireless. ' 
(Poole.) 

Textile Bleaching. (Steven.) 

Timber. (Bullock.) 

Tin and the Tin Industry, (Mundey.) 
Tobacco. (Tanner.) (Revised by 
Drew. ) 
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